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One-pot solvent exchange preparation of non-swellable,
thermoplastic, stretchable and adhesive
supramolecular hydrogels based on dual synergistic
physical crosslinking
Qian Feng1, Kongchang Wei1,2, Kunyu Zhang1, Boguang Yang1,2, Feng Tian3, Guixue Wang4 and
Liming Bian1,2,5,6,7
With their unique properties of self-healing and viscoelasticity, physically crosslinked supramolecular hydrogels are promising
materials for soft robotics, wearable electronics and biomedical applications. However, the weak mechanical properties of
supramolecular hydrogels, especially those prepared with natural polymers, limit their wide-spread application, and swelling is
one of the key factors that contributes to the weakening of hydrogels. Herein, we utilize a simple one-pot solvent exchange
method to prepare non-swellable, thermoplastic and tough supramolecular gelatin hydrogels based on two synergistic physical
crosslinkings, namely, the self-assembled tri-helix structure of gelatin and the hydrophobic aggregation of gelatin-grafted and
free hydrophobic motifs. The obtained hydrogels possess a stable water content above 70% with extended incubation in water.
These hydrogels are highly malleable upon heating but are extremely stretchable and tough after cooling to room temperature.
Furthermore, the supramolecular gelatin hydrogels exhibit robust adhesion to various material surfaces and minimal cytotoxicity.
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INTRODUCTION
Hydrogels, due to their high water content and tunable physical and
biological properties, are extensively used in soft robotics, wearable
electronics and biomedical applications.1–6 Supramolecular hydrogels,
which are solely stabilized by physical crosslinkings, such as host–guest
interactions, electrostatic attraction and hydrophobic aggregation, have
recently received increasing attention due to their unique properties,
including self-healing, energy dissipation and viscoelasticity.7–13 However, the poor mechanical performance of supramolecular hydrogels,
especially hydrogels prepared with natural polymers, which possess
superior biocompatibility and bioactivity, remain a major hurdle to
the wide-spread application of these hydrogels. To improve the
mechanical properties of chemically crosslinked hydrogels, researchers
have developed ingenious strategies, including nanocomposite hydrogels, double-network hydrogels, hybrid crosslinking hydrogels and
tetra-polyethylene glycol hydrogels.14–22 Recently, increasing research
attention has been dedicated to enhancing the mechanical performance of physically crosslinked supramolecular hydrogels. One recent
study demonstrated very tough physical hydrogels composed of
polyampholytes.23 Another study showed that pre-assembled host
1

and guest monomers via host–guest complexation effectively strengthened the obtained supramolecular hydrogels.24 Dai et al.25 recently
demonstrated an elegant approach to prepare mechanically strong and
highly stable supramolecular hydrogels based on hydrogen bonding. It
should be noted that the network structure of supramolecular
hydrogels reported by these earlier studies predominantly consists of
synthetic polymers, and methods to enhance the mechanical performance of natural polymer-based supramolecular hydrogels remain
limited. Our earlier studies showed that pre-organization of host
monomers along natural polymers via host–guest interactions before
polymerization signiﬁcantly improved the mechanical robustness of
natural polymer-based supramolecular hydrogels, but the toughness of
these hydrogels remained low.26,27 To the best of our knowledge, there
has been no prior report on supramolecular hydrogels prepared with
pure natural polymers that exhibit outstanding mechanical toughness.
The poor mechanical properties, including the toughness, of
hydrogels can be partially attributed to swelling, which leads to a
signiﬁcant decrease in the crosslinking density in the hydrogels.28–30
Compared to the as-prepared hydrogels, a drastic reduction is often
observed in the mechanical properties of the swollen hydrogels.
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Solvent exchange from organic to aqueous solvent induces hydrophobic aggregation of amphiphilic polymers.31,32 Previous studies have
shown the potential of this method to prepare non-swellable hydrogels
by carefully adjusting the mass ratio between hydrophilic and
hydrophobic blocks of the amphiphilic polymers.33 However, these
self-assembled hydrogels stabilized by hydrophobic aggregations are
generally weak and have poor elasticity, thereby requiring additional
crosslinking to further reinforce the network structure. Natural
polymers, such as collagen and its derivative product, gelatin, can
self-assemble into stable and rigid tertiary structures, such as trihelices, at certain temperatures.34,35 These tertiary structures have an
indispensable role in stabilizing the extracellular matrices of tissues
and organs and are ideal crosslinkers for strengthening supramolecular
hydrogels prepared by solvent exchange.36
Herein, we propose a facile one-pot solvent exchange approach to
prepare extremely stretchable, tough and non-swellable supramolecular gelatin hydrogels based on two physical crosslinking mechanisms,
self-assembly of the tri-helix structure of gelatin and aggregation of
free and gelatin-grafted hydrophobic groups. Exhibiting classic thermoplastic behaviors, the obtained supramolecular gelatin hydrogels
become highly malleable upon heating but are extremely stretchable
and tough after cooling to room temperature. Furthermore, the
supramolecular gelatin hydrogels exhibit robust adhesion to various
material surfaces and minimal cytotoxicity.
MATERIALS AND METHODS
Materials
Gelatin (type A), 1-adamantyl isothiocyanate, phenyl isothiocyanate,
dimethylsulfoxide-d6 (DMSO-d6), ethidium bromide and dimethylmalonic
acid were purchased from Sigma, Hong Kong, China. DMSO and acetone were
purchased from Fisher Scientiﬁc, Hong Kong, China. Phosphate-buffered
saline, α-minimum essential medium, penicillin/streptomycin, L-glutamine,
calcein AM, fetal bovine serum and Trizol were obtained from Gibco, Hong
Kong, China. Human mesenchymal stem cells (hMSCs) were obtained
from Lonza, Benicia, CA, USA.

Methods
Hydrogel preparation. Gel-Ada hydrogel: First, 5 g of gelatin (type A) was
dissolved in 50 ml of DMSO containing 1-adamantyl isothiocyanate (1.125, 1.5
or 3.0 g) at 60 °C. After stirring for 5 h at 60 °C, the resulting mixture was
dialyzed against Deionized water (DI water) for 3 days at room temperature
(6 kDa cutoff dialysis membrane). The obtained Gel-Ada hydrogel was
immersed in DI water and stored at − 20 °C in a freezer. Unless otherwise
mentioned, Gel-Ada hydrogels prepared with 1.5 g of 1-adamantyl isothiocyanate were used for the following measurements.
Gel-Phe hydrogel: First, 5 g of gelatin (type A) was dissolved in 50 ml of
DMSO at 60 °C. Phenyl isothiocyanate (0.6975, 0.93 or 1.86 ml) was added to
the 10% gelatin solution, which was then stirred for 5 h at 60 °C. The resulting
mixture was dialyzed against DI water for 3 days at room temperature (6 kDa
cutoff dialysis membrane). The obtained Gel-Phe hydrogel was immersed in DI
water and stored at − 20 °C in a freezer. Unless otherwise mentioned, Gel-Phe
hydrogels prepared with 0.93 ml of phenyl isothiocyanate were used for the
following measurements.
Small-angle X-ray scattering test. Small-angle X-ray scattering (SAXS) experiments were performed on the BL16B beam line of the Shanghai Synchrotron
Radiation Facility. The sample-to-detector distance was 2000 mm, and the
X-ray wavelength was λ = 0.124 nm. Two-dimensional SAXS data were converted into one-dimensional intensity I(q) as a function of scattering vector q
[q = (4π⧸λ) sinθ] by circular averaging, where 2θ is the scattering angle. A
hydrogel specimen with a disk shape (d = 5 mm, h = 1 mm) was used for SAXS
analysis.
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Proton nuclear magnetic resonance analysis. Gel-Ada hydrogel: To prepare the
sample, 0.1 g of prepared Gel-Ada hydrogel was redissolved in 10 ml DMSO at
60 °C. The solution was dialyzed against DMSO for 3 days to remove unreacted
1-adamantyl isothiocyanate molecules and then dialyzed against DI water for
3 days. Next, the liquid was lyophilized for 3 days at − 104 °C to obtain pure
1-adamantyl isothiocyanate-modiﬁed gelatin polymer. To calculate the substitution degree of the adamantyl groups in the gelatin, 10 mg of polymer was
dissolved in 500 μl DMSO-d6 with dimethylmalonic acid as an internal
reference for proton nuclear magnetic resonance (1H NMR) analysis at 25 °
C. Another 0.1 g of Gel-Ada hydrogel was lyophilized for 3 days directly. Next,
to calculate the total amount of adamantyl groups in the Gel-Ada hydrogel,
10 mg of dried hydrogel was dissolved in 500 μl DMSO-d6 with dimethylmalonic acid as an internal reference for 1H NMR analysis at 25 °C.
Gel-Phe hydrogel: To prepare the sample, 0.1 g of prepared Gel-Phe
hydrogel was redissolved in DMSO to form a solution with 1 (w/v) %
concentration. The resulting solution was dialyzed against DMSO for 3 days
and then DI water for 3 days. Pure phenyl isothiocyanate-modiﬁed gelatin
polymer was obtained after 3 days of freeze drying. The substitution degree of
phenyl groups in the gelatin was determined by 1H NMR analysis (Bruker
Advance 400 MHz spectrometer, Beijing, China) using the same method as that
used for the Gel-Ada hydrogel. At the same time, 0.1 g of Gel-Phe hydrogel was
also freeze-dried directly, and then, 10 mg of dried hydrogel was dissolved in
500 μl DMSO-d6 with dimethylmalonic acid as an internal reference for 1H
NMR analysis at 25 °C. For both the Gel-Ada hydrogel and Gel-Phe hydrogel,
pure gelatin was used as the control group.
Tensile mechanical measurement. The width and thickness of the specimen
were 20 and 6 mm, respectively. The specimen was clamped by two aluminum
alloy holders to produce a 3 mm gauge length. The tension tests were
performed at an extension speed of 1 mm s − 1. The broken samples can be
reshaped in a glass mold, which is used to remold the sample for the tension
test at temperatures above 30 °C. For the notch tensile test, the samples were
cut in the middle by 5 mm (20% of the total width). The tensile fatigue test was
performed with a tensile strain of λ10 for 10 cycles (60 s every cycle). For the
recovery test, after the above mentioned continuous 10 cycles test (1 mm s − 1),
the hydrogels were rested for 5 min before the eleventh cycle test. For the
tensile relaxation test, the hydrogel sample was stretched to λ10 at a speed of
1 mm s − 1, and then, the strain was maintained, and the change in stress was
recorded.
Rheological experiment. Rheological tests were performed using a Malvern
KINEXUS rheometer (Shanghai, China) using 20 mm diameter plates (plate to
plate) with a 1 mm gap. The hydrogels were homogeneously distributed
between the top and bottom plates of the rheometer. The time sweep was
recorded at a strain of 1% and a frequency of 10 Hz. During the time sweep,
the temperature of the samples was increased from 25 to 45 °C and then
decreased from 45 to 25 °C (repeated for ﬁve cycles) to examine the effect of
the temperature on the modulus of the Gel-Ada and Gel-Phe hydrogels. For the
frequency sweep test, the strain was 1%, and the frequency was changed from
0.1 to 10 Hz.
Lap-shear test. Aluminum alloy: To prepare the samples, 0.5 ml of Gel-Ada or
Gel-Phe hydrogel was spread over a 1.5 cm × 2 cm area on one aluminum alloy
strip (total size: 7 cm length × 2 cm width), and then, the other strip was
brought into contact with the hydrogel-covered strip in a 45 °C water bath for
10 min. Next, the samples were cooled to room temperature before the lapshear test. The maximum adhesive strength was determined by completely
separating the overlapped aluminum alloy plates at a cross-head speed of
1 mm s − 1. Each sample was measured four times.
Glass: To prepare the samples, 0.5 ml of Gel-Ada or Gel-Phe hydrogel was
spread over a 1.5 cm × 2 cm area on one glass strip (total size: 7 cm
length × 2 cm width), and then, the other strip was brought into contact with
the hydrogel-covered strip in a 45 °C water bath for 10 min. Next, the samples
were cooled to room temperature before the lap-shear test. The maximum
adhesive strength was determined by completely separating the overlapped glass
plates at a cross-head speed of 1 mm s − 1. Each sample was measured
four times.
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Porcine skin: Fresh porcine skin was cut into a rectangular section
4 cm × 1.5 cm in size and ~ 3 mm thick and wetted by soaking in water before
use. Next, 0.5 ml Gel-Ada or Gel-Phe hydrogel was spread over a 1.5 cm × 2 cm
area on one strip, and then, the other strip was brought into contact with the
hydrogel-covered strip in a 45 °C water bath for 10 min. Next, the samples were
cooled to room temperature before the lap-shear test. The maximum adhesive
strength was determined by completely separating the overlapped skins at a
cross-head speed of 1 mm s − 1. Each sample was measured four times.
In vitro biocompatibility test. Brieﬂy, 50 000 hMSCs were seeded into a
confocal dish, and then, 0.5 ml of the hydrogel was added to the confocal
dish to co-culture with the hMSCs. At day 5 and day 10, the cell samples were
collected and stained with calcein AM (live) and ethidium bromide (dead) to
test the cell viability.

RESULTS AND DISCUSSION
The dual physical crosslinking of supramolecular gelatin hydrogels
Gelatin, a hydrolysis product of natural collagen, is widely used in
various biomedical applications due to its good biocompatibility,
intrinsic bioactivity, abundance and relatively low antigenicity compared with collagen.37,38 Gelatin solutions exhibit a thermo-reversible
Sol-Gel transition and form gels upon cooling below 30 °C. The SolGel phase transition of gelatin solutions is attributed to the supramolecular assembly and disassembly of the tri-helix structure as a result of
the formation and breakage of intermolecular hydrogen bonds at low
and high temperatures, respectively. However, the rigidity of the
gelatin tri-helix renders pure gelatin hydrogels very brittle. In this
study, we incorporated a second form of supramolecular interaction,
hydrophobic interaction, to enhance the toughness of the supramolecular gelatin hydrogels.
As illustrated in Figure 1, all reagents, including gelatin and
hydrophobic small molecules (phenyl isothiocyanate or 1-adamantyl
isothiocyanate) were dissolved and reacted in DMSO at 60 °C for 5 h,
thereby grafting the hydrophobic groups to the gelatin backbone via
isothiocyanate-amino coupling. The molar ratio between the hydrophobic molecules and the gelatin amino groups was set at a value
signiﬁcantly larger than 1 to ensure the presence of excess unreacted
hydrophobic molecules in the ﬁnal reaction mixture (Supplementary
Figures S4 and S6), which was subsequently dialyzed directly against
DI water at room temperature. During dialysis, cooling prompts the
gelatin molecules to form a tri-helix structure, while the gradual
solvent exchange from DMSO to DI water induces aggregation of the
unreacted and grafted hydrophobic molecules. Driven by these two
spontaneous physical interactions, bulk hydrogels (Gel-Phe: phenylisothiocyanate used as the hydrophobic molecule; Gel-Ada:
1-adamantyl isothiocyanate used as the hydrophobic molecule) are
gradually formed inside the dialysis bag after 3 days of dialysis. It
should be noted that the presence of an excess amount of unreacted
free hydrophobic small molecules is essential to the preparation of
such supramolecular hydrogels. Dialysis of the ﬁnal reaction mixture
in DMSO ﬁrst before transferring to DI water resulted in no hydrogel
formation. This indicates that in the absence of free hydrophobic small
molecules (removed by ﬁrst dialyzing against DMSO), the gelatin
polymers with grafted hydrophobic molecules alone are not capable of
forming hydrogels under solvent exchange conditions.
We attempted to use different amounts of hydrophobic molecules
to prepare hydrogels (1-adamantanyl isothiocyanate: 1.125, 1.5 or
3.0 g+gelatin: 5 g; phenyl isothiocyanate: 0.6975, 0.93 or 1.86 ml
+gelatin: 5 g). The results show that the addition of low amount of
hydrophobic molecules (1.125 g 1-adamantanyl isothiocyanate and
0.6975 ml phenyl isothiocyanate) only leads to the formation of
precipitates instead of hydrogels. The estimated minimum amount

of hydrophobic small molecules required to prepare the Gel-Ada and
Gel-Phe hydrogels is 0.3 g 1-adamantynal isothiocyanate per gram of
gelatin and 0.186 ml phenyl isothiocyanate per gram of gelatin,
respectively. Furthermore, 1H NMR analysis of the freeze-dried GelAda and Gel-Phe hydrogels (prepared with the minimum amount of
hydrophobic small molecules, that is, 1.5 g of 1-adamantanyl isothiocyanate or 0.93 ml of phenyl isothiocyanate; Supplementary
Figures S5 and S7) show that each gram of dried Gel-Ada hydrogel
contains ~ 0.13 g of free 1-adamantyl isothiocyanate and 0.87 g of
adamantine-grafted gelatin, and each gram of dried Gel-Phe hydrogel
contains ~ 0.08 g of free phenyl isothiocyanate and 0.92 g of phenylgrafted gelatin. When the amount of hydrophobic small molecules
used for hydrogel preparation increases, the content of free nonconjugated hydrophobic small molecules in the freeze-dried Gel-Ada
and Gel-Phe hydrogels slightly increases (Supplementary Figures S5
and S7). However, this varying content of hydrophobic small
molecules does not signiﬁcantly inﬂuence the mechanical properties
of the Gel-Ada and Gel-Phe hydrogels (Supplementary Figure S9).
Our collective ﬁndings show that while there is a minimum amount of
hydrophobic small molecules required for hydrogel formation, further
increasing the amount of hydrophobic molecules over this minimum
threshold does not signiﬁcantly alter the mechanical properties of the
obtained supramolecular hydrogels. Therefore, unless otherwise stated,
the Gel-Ada hydrogels prepared with 1.5 g of 1-adamantyl isothiocyanate and Gel-Phe hydrogels prepared with 0.93 ml of phenyl
isothiocyanate were used for the following measurements.
SAXS analysis revealed a broad correlation peak spanning a wide
range of scattering vectors (q(4π/λ) sinθ) from 0.5 to 1.5 nm − 1 for the
Gel-Ada hydrogels, whereas no peaks were observed for pure gelatin
hydrogel at 20 °C (Supplementary Figure S1a). Such a broad peak may
be attributed to the random distribution of hydrophobic aggregations
rather than the gelatin tri-helix structure in the Gel-Ada hydrogel
matrix. Furthermore, the SAXS peak of the Gel-Ada hydrogels shifted
slightly to the left upon increasing the temperature to 45 °C
(Supplementary Figure S1b). Using Bragg’s law (Equation (1)):
d¼

l
2p
¼
2 sin y qmax

ð1Þ

where d is the spacing between the scattering centers and qmax is the
peak position, we can estimate the spacing between the hydrophobic
aggregation as 8.92 nm at 20 °C and 10.67 nm at 45 °C. We speculate
that the network structure of supramolecular Gel-Ada hydrogels is
stabilized by the synergistic action of the homogeneously mixed gelatin
tri-helix structures and hydrophobic aggregations. Increasing temperature leads to the disassembly of the gelatin tri-helix, thereby leading to
increased spacing among the hydrophobic aggregations. We also
attempted to use hyaluronic acid and agarose to fabricate selfassembled supramolecular hydrogels using the same solvent exchange
approach. Because of the absence of amino groups in both hyaluronic
acid and agarose, we grafted 1-adamantane acetic acid (excess
amount) as hydrophobic moieties to hyaluronic acid (HA-Ada) or
agarose (Aga-Ada) by reaction with the hydroxyl groups of these two
polymers. However, dialysis of the reaction DMSO solutions of HAAda and Aga-Ada in DI water at room temperature only yielded
powdered precipitates and brittle hydrogel fragments, respectively
(Supplementary Figure S2). We speculate that the powdered precipitates are due to the aggregation of unreacted hydrophobic
molecules because HA-Ada remains water-soluble under room
temperature. Although agarose can self-assemble to a coil-helix
structure at room temperature, the semi-rigid agarose backbone may
hinder the homogeneous and synergistic precipitation between the
NPG Asia Materials
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Figure 1 (a) Preparation of Gel-Ada/Gel-Phe supramolecular gelatin hydrogels with dual physical crosslinking mechanisms, that is, self-assembly of gelatin trihelix and aggregation of free and grafted hydrophobic motifs. (b) The unique dual physical crosslinking of the hydrogel network structure produces the highly
stretchable and thermoplastic properties of the Gel-Ada/Gel-Phe hydrogels. The deformation of reversible hydrophobic aggregation leads to the energy
dissipation and ultrahigh stretchability of the supramolecular hydrogels. The rigidity of the gelatin tri-helix structure contributes to the elasticity and tensile
stiffness. The synergistic reaction of these two crosslinking mechanisms leads to the substantial toughness of the hydrogel. After rupture in the tensile test,
the hydrogel samples can be remolded by heating and self-healed by cooling.

agarose coil-helix and hydrophobic small molecules. These ﬁndings
suggest that the formation of bulk Gel-Ada and Gel-Phe hydrogels is
driven by the coordinated self-assembly of gelatin and the precipitation of aggregated hydrophobic small molecules (both grafted and
nongrafted) in a synergistic manner.
The thermoplasticity of supramolecular gelatin hydrogels
Both the Gel-Phe and Gel-Ada hydrogels show thermoplastic properties. These two hydrogels are highly malleable at high temperature
(45 °C) but become rigid and elastic at low temperature (room
temperature, 25 °C). For example, after a brief incubation in 45 °C
DI water for 1–2 min, a piece of Gel-Phe hydrogel (yellow) and GelAda hydrogel (white) can be hand-drawn into elongated cords
(Figure 2a). After cooling to room temperature, the two hydrogel
cords maintain their morphology and are robust enough to be knotted
into a ‘bow’ structure. The knotted hydrogel cords can be untangled at
low temperature and subsequently remolded to their original shape at
high temperature (Supplementary Video 1; Figure 2a). By switching
the temperature as described above, we can recycle the used Gel-Phe
and Gel-Ada hydrogels and repeatedly alter their morphology, like
play dough. The results from our time-sweep rheological test provide
NPG Asia Materials

further insight into the thermoplastic properties of Gel-Phe and GelAda hydrogels (Figure 2b; Supplementary Figure S8). At low temperature (25 °C), the storage modulus of the Gel-Phe hydrogels (G′,
67 kPa) is signiﬁcantly higher than the loss modulus (Gʺ, 7 kPa;
Figure 2b), indicating that elasticity is dominant in the hydrogels at
low temperature. With increasing temperature, both G′ and Gʺ of GelPhe hydrogels decrease, and G′ decreases faster than Gʺ. Therefore,
when the temperature reaches 45 °C, the value of Gʺ (2.68 kPa)
becomes very close to that of G′ (1.98 kPa; Figure 2b), and the GelPhe hydrogels show signiﬁcant viscoelasticity, thereby resulting in the
excellent remoldability of the Gel-Phe hydrogels. Subsequent cooling
of the Gel-Phe hydrogels to 25 °C leads to the complete recovery of G′
and Gʺ to the original level (Figure 2b). Such a cyclic temperaturedependent change in the storage modulus and loss modulus can be
repeated many times, but only two consecutive cycles are presented for
brevity (Figure 2b). The Gel-Ada hydrogels also exhibit reversible and
thermoplastic behavior similar to that of the Gel-Phe hydrogels
(Supplementary Figure S7). Furthermore, the average values of the
storage modulus and loss modulus of the Gel-Ada and Gel-Phe
hydrogels measured at 25 °C in each of the ﬁve consecutive cycles of
temperature change only increase slightly with increasing cycle
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Figure 2 (a) Thermoplastic properties: the Gel-Ada and Gel-Phe hydrogels are highly malleable at high temperature (45 °C) but become rigid and elastic at
low temperature (room temperature, 25 °C). For example, after a brief incubation in 45 °C DI water for 1–2 min, a piece of the Gel-Phe hydrogel (yellow) and
Gel-Ada hydrogel (white) can be hand-drawn into elongated cords. After cooling to room temperature, the two hydrogel cords maintain their morphology and
are sufﬁciently robust to be knotted into a ‘bow’ structure. The knotted hydrogel cords can be untangled at low temperature and subsequently remolded to
their original shape at high temperature. (b) Time sweep rheological analysis of the Gel-Phe hydrogels performed under two consecutive cycles of such
temperature change. Frequency sweep analysis of pure gelatin, Gel-Ada and Gel-Phe hydrogels performed at (c) 25 °C and (d) 45 °C (closed symbols
represent the storage modulus Gʹ and open symbols represent the loss modulus Gʺ).

number, thereby further verifying the stability of the hydrogels during
repeated cyclic temperature change (Supplementary Table S2). We
believe that the slight increase in the storage modulus and loss
modulus with increasing temperature cycles is due to the loss of water
from the hydrogels. After immersing the samples in water for 30 min
after the test, the storage and loss moduli of the hydrogels were
restored to the initial levels (Supplementary Table S2).
The frequency sweep test further demonstrates the thermoplasticity
of the Gel-Phe and Gel-Ada hydrogels (Figures 2c and d). At 25 °C,
the storage modulus of both the Gel-Ada and Gel-Phe hydrogels is
much higher than that of the pure gelatin hydrogels (Gel; Figure 2c).
Moreover, the Gel-Phe and Gel-Ada hydrogels exhibit a more obvious
frequency-dependent increase in the modulus than the pure gelatin
hydrogels (Figure 2c). These results demonstrate that in addition to
the tri-helix structure of gelatin, another form of physical crosslinking,
hydrophobic aggregation, reinforces the hydrogels at room temperature. At 45 °C, the pure gelatin hydrogels turn into liquid solutions
(Gʺ4Gʹ) due to the disassembly of the tri-helix structure (Figure 2d).
The Gel-Phe and Gel-Ada hydrogels show slightly higher Gʹ values
than Gʺ values, and hydrophobic aggregation becomes the sole
crosslinking mechanism of the hydrogels at high temperature
(Figure 2d). In addition, the Gel-Ada and Gel-Phe hydrogels can be

readily dissolved in DMSO but not in DI water at high temperature
(Supplementary Figure S3), thereby further conﬁrming the contribution of hydrophobic aggregations in stabilizing the hydrogels at high
temperature.
The stretchability and toughness of supramolecular gelatin
hydrogels
The Gel-Ada and Gel-Phe hydrogels also possess extraordinary
mechanical properties. We performed tensile tests (elongation speed:
1 mm s − 1) at room temperature to quantitatively measure the
mechanical properties of the Gel-Ada and Gel-Phe hydrogels. Representative nominal stress vs λ (stretch ratio: stretched length/original
length) curves show that our Gel-Phe (prepared with 0.93 ml phenyl
isothiocyanate) and Gel-Ada (prepared with 1.5 g 1-adamantyl isothiocyanate) hydrogels can be stretched to 42 and 34 times of their
original length, respectively (Figures 3a and b). Upon removal of the
tensile force, the stretched hydrogels can recover their initial length
immediately (Supplementary Videos 2 and 3). Furthermore, the
rupture stress of these two hydrogels is over 1.5 MPa (Figure 3c;
Supplementary Videos 4 and 5). To the best of our knowledge, no
previous studies have reported pure natural polymer-based hydrogels
crosslinked only by physical interactions that can reach such high
NPG Asia Materials
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Figure 3 Tensile testing of the (a) Gel-Ada and (b) Gel-Phe hydrogels at room temperature. The stretch ratio λ is deﬁned by the length of stretched hydrogels
divided by the original length of hydrogels. (c) Stress vs λ curves of the pure gelatin, Gel-Ada and Gel-Phe hydrogels at room temperature. (d) Stress vs λ
curves of the notched Gel-Ada and Gel-Phe hydrogels at room temperature. After 10 continuous cycles of loading and unloading (λ = 10), the tested Gel-Ada/
Gel-Phe hydrogel samples were immersed in 25 °C DI water for 5 min and then were tested again to evaluate the spontaneous recovery of the (e) Gel-Ada
and (f) Gel-Phe hydrogels. The broken specimens of the (g) Gel-Phe and Gel-Ada hydrogels from the tensile test were remolded at high temperature, and the
remolded and self-healed hydrogels exhibit almost identical tensile stiffness as that of the intact hydrogels (h, i).
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rupture stress, and strengthening with synthetic polymers can only
improve the rupture modulus to a few hundreds of kPa. The Gel-Ada
and Gel-Phe hydrogels also show good tolerance to notches. The GelAda and Gel-Phe hydrogels with a 5 mm (20% of the total width of
the samples) notch in the middle of the samples can be stretched to 13
and 18 times their original length before rupture, respectively
(Figure 3d; Supplementary Figure S10a and b; Supplementary
Videos 6 and 7). Furthermore, based on the area under the stress vs
λ curves (below the strain at which the notch starts to propagate;
Figure 3d; Supplementary Figure S10a), the fracture energies of the
Gel-Ada and Gel-Phe hydrogels are estimated to be 2670 and
2460 J m − 2, respectively, and these values are comparable to that of
articular cartilage (~1000 J m − 2).39
Both the Gel-Ada and Gel-Phe hydrogels dissipate energy effectively,
as evidenced by pronounced hysteresis during cyclic tensile testing.
After the ﬁrst cycle of loading and unloading, immediate application of
the second cycle leads to reduced tensile stiffness in the Gel-Ada and
Gel-Phe hydrogels, but this reduction in mechanical properties quickly
diminishes with increasing cycle number, and the loading–unloading
loops recorded after the sixth cycle closely overlap (Supplementary
Figure S10c and d). Moreover, after 10 continuous loading–unloading
cycles, a brief incubation of these hydrogels in DI water at room
temperature for 5 min leads to over 90% recovery of the tensile
properties of the hydrogel recorded in the ﬁrst loading cycle (Figure 3e
and f). We stretched the Gel-Ada and Gel-Phe hydrogels to 10 times
their initial length to study the hydrogel stress relaxation under
constant tensile strain for 10 min. Supplementary Figure S10e shows
that most of the stress relaxation occurred within the ﬁrst 100 s, and
the percentage of stress relaxation in the Gel-Phe and Gel-Ada
hydrogels after 10 min is 47% and 51%, respectively. This ﬁnding
demonstrates the substantial viscoelasticity of the Gel-Ada and GelPhe hydrogels. From the results of the tensile test, we speculate that
the rigid tri-helix structure mainly contributes to the remarkable
tensile resistance and elasticity, while the reversible hydrophobic
aggregation affords substantial stretchability and viscosity of these
two hydrogels. Meanwhile, the elastic tri-helix structure facilitates the
recovery of hydrophobic aggregation during unloading.
The Gel-Ada and Gel-Phe hydrogels ruptured from the tensile tests
can be completely healed because of their unique thermoplastic

properties. Brieﬂy, two fragments of ruptured Gel-Ada/Gel-Phe
hydrogels were kneaded into a bulk hydrogel and then remolded in
a 60 × 20 × 6 mm3 mold at high temperature (45 °C). After cooling to
room temperature, the self-healed and remolded hydrogels have the
same appearance as that of the original hydrogels (Figure 3g;
Supplementary Figure S11). The entire process took o5 min.
Furthermore, the remolded hydrogels exhibit almost identical tensile
properties as the original hydrogels (Figure 3h and i). These experiments further demonstrate that the Gel-Phe and Gel-Ada hydrogels
can be recycled without the loss of mechanical properties. More
importantly, because the Gel-Ada and Gel-Phe hydrogels are formed
through the dialysis process in DI water, the as-prepared hydrogels
should have reached swelling equilibrium. The equilibrium water
content of the Gel-Phe and Gel-Ada hydrogels after 8 weeks of
incubation in water are 75% and 70%, respectively, which are identical
to that of the as-prepared hydrogels (Supplementary Table S1).
Therefore, immersing the Gel-Ada and Gel-Phe hydrogels in water
does not affect their mechanical properties. In fact, we stored the GelAda and Gel-Phe hydrogels in water for days before conducting the
mechanical tests described above.
The adhesion and cytocompatibility of supramolecular gelatin
hydrogels
The adhesive properties of the Gel-Ada and Gel-Phe hydrogels are also
remarkable. We used 1 ml of the Gel-Ada (Figure 4a) or Gel-Phe
(Supplementary Figure S12) hydrogels to adhere a hook to metal,
glass, plastic and plastered wall surfaces at 45 °C. After cooling to
room temperature, the hook can bear up to 2 kg of weight.
Subsequent removal of the hydrogels at room temperature does not
inﬂict any damage to the surface or leave residual adhered hydrogel.
Furthermore, after removal from the surface, the hydrogels can adhere
to the same surface or different surfaces after heating and support the
weight again (we used the same piece of Gel-Phe/Gel-Ada hydrogel in
Figure 4a; Supplementary Figure S11, respectively). We used the lap
shear test to quantify the adhesive strength of these two hydrogels on
metal, glass and tissue (porcine skin) surfaces. As shown in Figure 4b,
the adhesive stress of the Gel-Ada hydrogels reaches almost 300 kPa.
Although the adhesive stress on tissue is lower than that on the metal
and glass surfaces, the value is still much higher than that of the widely

Figure 4 (a) Adhesive properties of the Gel-Phe hydrogels: the Gel-Phe hydrogels can be used to glue a hook to different surfaces (metal, glass, plastic and
plastered wall) at high temperature. After the hydrogel was cooled to room temperature, the hook can support 2 kg of weight. Furthermore, the hydrogel can
be removed from the surface without damaging the surface and can be reused as glue after heating. The same piece of Gel-Phe hydrogel was consecutively
used to adhere to different surfaces. (b) The adhesive stress of the pure gelatin, Gel-Ada and Gel-Phe hydrogels with different surfaces (metal, glass and
tissue) was quantiﬁed by the lap-shear test at room temperature.
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used commercial bioglue, ﬁbrin glue (7 kPa).40 Moreover, the adhesive
stress of the pure gelatin hydrogel is ~ 20 kPa at room temperature,
which is much lower than that of our Gel-Ada and Gel-Phe hydrogels
(Figure 4b). We speculate that the excellent adhesion of the Gel-Ada
and Gel-Phe hydrogels to different materials can be attributed to two
factors: (1) hydrogen bonding between the gelatin polymers and the
material surface leads to the formation of an adhesive interface; and
(2) the outstanding mechanical properties of the hydrogels based on
hydrophobic aggregation and the gelatin tri-helix structure lead to the
high cohesion strength of the hydrogels, thereby signiﬁcantly improving the overall adhesion. The second factor appears to be the
dominant factor, as evidenced by the signiﬁcantly higher adhesion
of the Gel-Ada and Gel-Phe hydrogels compared with the pure gelatin
hydrogels. To assess the biocompatibility of the Gel-Ada and Gel-Phe
hydrogels, we incubated the Gel-Ada and Gel-Phe hydrogels (0.5 ml
volume) in the culture media of hMSCs (passage 4). After 5 and
10 days of culture, cell live/dead staining shows that the Gel-Ada and
Gel-Phe hydrogels have little effect on the viability of hMSCs
compared to the control group without hydrogels (Supplementary
Figure S13).
CONCLUSION
Collectively, the present work demonstrates a simple and effective onepot approach based on solvent exchange to prepare natural polymeric
supramolecular hydrogels with dual physical crosslinking mechanisms,
namely, self-assembly of the gelatin tri-helix structure and aggregation
of the free and grafted hydrophobic motifs. Because of the synergistic
action of these two physical crosslinking mechanisms, the resulting
supramolecular gelatin hydrogels exhibit unique thermoplastic behavior, excellent tensile properties and toughness. These supramolecular
gelatin hydrogels also show outstanding adhesion to various surfaces
as well as biocompatibility. It is remarkable that these excellent
mechanical properties can be achieved in supramolecular hydrogels
under the swollen equilibrium state with over 70% water content.
These desirable properties make our supramolecular gelatin hydrogels
promising materials for potential biomedical applications. Our
ongoing work aims to further improve the mechanical functions of
these hydrogels at physiological temperature.
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