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We have demonstrated a novel strategy to enhance mechanical strength by designing dual-network (DN)
structures. The novel self-healing hydrogel system composed of silk fibroin powder (SFP) and polyacry-
lamide (PAM) combines hydrogen bond supramolecular action. In addition, this system was prepared via
a simple one-pot method of copolymerization. The SFP-PAM hydrogels could achieve high mechanical
properties. The stress and strain at break were 0.65 MPa and 2250%, respectively. The hydrogels exhibited
adhesive and self-healing properties. The fabricated multifunctional SFP-PAM hydrogel shows promise in
potential applications in wound dressing and transparent artificial skins for body-adhered signal
detection.
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1. Introduction was prepared via physical and chemical crosslinking of copolymer-
As there are widespread applications of hydrogels, only improv-
ing the mechanical properties of hydrogels is insufficient to meet
the practical requirements. Hence, preparation of intelligent,
strong, and ductile hydrogels is of great significance. The hydrogels
have been widely investigated because of their versatile properties
ranging from high mechanical strength to multiple properties for
extensive applications such as tissue engineering [1], soft robotics
[2], stretchable electronics [3,4], and soft devices [5]. However, it
has always been a challenge to fabricate an adhesive and self-
healing hydrogel that can exhibit robust bonding to the surface
or fractured surface of materials while simultaneously maintaining
excellent mechanical properties [6].

To overcome the above issues and extend the practical applica-
tions of hydrogels, significant efforts have been made to prepare
mechanically strong hydrogels with a suitable material system.
Silk fibroin powder is a biocompatible component and contains
one or more long chains of amino acid residues which can dissolve
in water. Silk fibroin hydrogels have shown significant potential in
the biomedical engineering field due to their biocompatibility, tun-
able biodegradability, and non-immunogenicity [7,8].

Herein, a novel silk fibroin powder material system is proposed
to obtain a highly stretchable and self-healing hydrogel. The
hydrogel composed of silk fibroin powder and polyacrylamide
ization. The resultant SFP-PAM hydrogel exhibited mechanically
robust, adhesive, and self-healing behavior. The SFP-PAM hydro-
gels would have potential applications in wound dressing, trans-
parent artificial skins, and bioelectrodes for body-adhered signal
detection.
2. Experimental section

2.1. Preparation

The aqueous silk fibroin solution was obtained by fibroin pow-
ders directly which different from traditional silk-worm cocoons
according to the procedures reported previously [9]. The typical
procedure for the same is as follows. Firstly, the silk fibroin solu-
tion (35 wt%) and acrylamide solution (15 wt%) were mixed in
the weight ratio of 3:2 and a homogeneous and transparent mix-
ture solution was formed. Subsequently, a crosslinker (N,N0-
methylene diacrylamide, BIS) and initiator (ammonium persulfate,
APS) were added into the mixed solution. The resultant solution
was injected into a glass mold and the samples were kept at
60 �C for 6 h to complete the free radical polymerization reaction
to form the SFP-PAM hydrogel. The hydrogel before sectioning is
labelled as original SFP-PAM. When the fracture part hydrogels
after self-healing, it is named by self-healing SFP-PAM hydrogel.
The original and self healing SFP-PAM hydrogels are of same
material.
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2.2. Characterization

The chemical structure and micro-network structure of SFP,
PAM, and SFP-PAM hydrogel were analysed via Fourier transform
infrared spectrometer (FTIR) (Nicolet-6700, USA) and thermal field
emission Scanning electron microscopy (SEM) (SU-70, Japan).
Then, the mechanical properties of the original and self-healing
SFP-PAM hydrogels were measured by using universal testing
machine (Hounsefield H25K, UK). The cross-head speed was
50 mm/min. Three identical dumbbell-shaped specimens were
tested for each sample and their average mechanical properties
were reported.

3. Results and discussion

The FTIR spectroscopy results for SFP, PAM, and SFP-PAM
hydrogels are exhibited in Fig. 1A. The main characteristic peaks
of SFP were present at 3297 cm�1 (amino groups), 1652 cm�1 (car-
bonyl groups), 1528 cm�1, and 1251 cm�1 (NAH bending and CAN
stretching vibration). For PAM, 3345 cm�1 and 3191 cm�1 were the
absorption peaks attributed to free and associated amino groups,
respectively, and 2930 cm�1 and 1456 cm�1 were the vibration
peaks of methylene. The absorption band at 1120 cm�1 is attribu-
ted toAC@O stretching vibration [10]. Different from SFP and PAM,
the two broad absorption peaks for the SFP-PAM samples at 1626
and 1082 cm�1 were due to the new stretching vibrations of the
C@O and CAN groups of the PAM or SF in the copolymer system.
The position of these peaks is offset by hydrogen bonding [11]. A
diagram in Fig. 1B elaborates the mechanism of hydrogen bond for-
mation. Hydrogen bonding is extremely easy between the
polypeptide and amide bond molecular chains, which has already
Fig. 1. . (A) FTIR analyses of the hydrogels; (B) the diagram mechanism of hydrogen b
hydrogels.
been observed in the case of other polymers [12]. To observe the
dual network micro-structure of the SFP-PAM hydrogel, the frac-
tured surface of a freeze-dried sample was observed under SEM
(see Fig. 1C). Compared to the SFP and PAM hydrogels, the SFP-
PAM hydrogel exhibited clear uniform porous network structures.
The micrographs reflected that silk fibroin and polyacrylamide
formed a continuous phase in all the polymer blends. The pore wall
was changed from rough to a filiform surface indicating the adhe-
sive performance.

The self-healing behavior of the hydrogels was also investi-
gated. As shown in Fig. 2A, the original SFP-PAM hydrogel was
cut into three sections and one part was stained with Rhodamine
B while another one was stained with Brilliant blue. Then, the three
pieces of the hydrogels were recombined at room temperature
without healing agents or stimulus. After the desired healing time
(within 6 h), the cutting interface disappeared. The recombined
pieces could also withstand an external force. The diffusion of rho-
damine B from one-third to another could be observed directly as
the cutting interface disappeared. As shown in Fig. 2B, the original
SFP-PAM hydrogels demonstrated a high tensile strength (the
stress and strain at break were 0.65 MPa and 2250%). The tensile
stress and tensile strain of self-healing SFP-PAM hydrogels were
0.56 MPa and 1800%, which are slightly lower than those of the
original hydrogels. It has been reported that pure SF and PAM
hydrogels fracture in a brittle manner [13,14]. The self-healing
mechanism of the hydrogels was also investigated. Previous stud-
ies have shown that the weaker interactions such as hydrogen
bonding may provide a promising chance for self-healing materials
as long as the spatial density of the bonds is sufficiently high [15].
As shown in Fig. 2C, a network structure built with the addition of
SFP can contribute to a high spatial density of the hydrogen bonds
ond formation; (C) SEM photographs showing cross-sectional morphology of the



Fig. 2. (A) Photographs showing the self-healing behavior; (B) stress-strain curves of the hydrogels; (C) schematic illustration of the self-healing mechanism of the hydrogel
after a cut; (D) rheological test of PAM and SFP-PAM hydrogel.
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and more adherent points on the cut surface. This is because silk
fibroin contains one or more long chains of amino acid and
hydroxyl (see Fig. 1B). When the network of the hydrogel was
damaged, the SFP and the PAM chains at the two outermost layers
tended to rearrange at the interface via hydrogen bond interactions
to allow their groups to reconstruct fresh hydrogen bonds. Hence,
the incorporation of hydrogen bonding may effectively provide the
hydrogel with a self-healing ability. In order to further investigate
the self-healing behavior of PAM and SFP-PAM hydrogels, rheolog-
ical recovery tests were also performed on the hydrogels. Rheolog-
ical tests (Fig. 2D) show that the energy storage modulus of self-
healing SFP-PAM hydrogels can be nearly restored to the initial
value after the damage of large deformation, while the energy stor-
age modulus of PAM hydrogels without self-healing property can
only be slightly restored after the damage of large deformation.

As shown in Fig. 3A and Video S1, the silk fibroin powder based
hydrogel was highly stretchable and sufficiently tough to be used
for complex deformations. The hydrogel could easily stretch
repeatedly. The hydrogel film stretched 20 cm, which is four times
the original length. Fig. 3B shows that the hydrogel could easily
stick on stainless steel ingot and latex gloves. Furthermore, SFP-
PAM hydrogels elongated to more than 15 times their original
length (1 cm) while not separating from the stainless steel ingot.
As shown in Fig. 3C and Video S2, the hydrogel was still firmly
attached to the simulative skin when it was stretched and followed
the movement of the joint as the finger was bent. The adhesiveness
of the hydrogel on the author’s fist shows that the formulated
hydrogels exhibit an excellent adhesive property. It could be
stretched or twisted and could be easily peeled off. In conclusion,
the SFP-PAM hydrogels are suitable for complex deformations in
real applications.

4. Conclusion

We prepared a novel dual-network structure material system
hydrogel. The prepared DN hydrogels exhibited superb mechanical
properties as the stress and the elongation at break were 0.65 MPa
and 2250%. Moreover, the hydrogels demonstrated adhesive and
self-healing properties under ambient conditions owing to
hydrogen bonding. The research can broaden the scope of current



Fig. 3. (A) Photographs of SFP-PAM hydrogel exhibit highly stretchable; (B) adhesive exhibition of SFP-PAM hydrogel; (C) SFP-PAM hydrogel adhering and moving with the
finger.
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highly stretchable and self-healing hydrogel studies and
applications.
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