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Abstract

Supramolecular hydrogels have the advantages of stimuli responsiveness and self-healing
compared to covalently crosslinked hydrogels. However, the existing supramolecular hydrogels
are usually poor in mechanical properties especially in extensibility. In addition, these
supramolecular hydrogels need a long self-healing time and have low self-healing efficiency. In
this manuscript, we report a novel strategy to develop highly extensible and fast self-healing
supramolecular hydrogels by using pre-coordinated mussel-inspired catechol-Fe3* complexes as
dynamic crosslinkers. The hydrogel can be fabricated and cast into various shapes by one-step
photo-crosslinking. Thus fabricated hydrogels can be stretched beyond 10 times their original
lengths, and the high extensibility can completely recover within a very short time (less than 20
minutes) even after the hydrogels are entirely cut apart. Utilizing the dynamic nature of
supramolecular hydrogels, we can realize different mechanical behaviors including strength,
extensibility and recoverability by varying the loading conditions. In addition, the hydrogels
respond to multiple stimuli including mechanical force, temperature and certain chemicals because
of the dynamic catechol-Fe3* bond.
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INTRODUCTION

Hydrogels are extensively used as delivery vehicles for therapeutic drugs, scaffolds for
tissue engineering and coatings for functional devices.1~* Essentially, hydrogels are three-
dimensional networks of hydrophilic polymers, which are usually created through the
formation of covalent bonds between the polymer chains.> Most of the covalent hydrogels
are stable and exhibit robust mechanical properties due to the stability of covalent bonds.
However, these hydrogels have limitations. For example, they are not able to self-heal after
damage, have low responsiveness to external stimuli, and can’t be remolded after being
fabricated. Compared to covalent bonds, supramolecular interactions are reversible and can
respond to a variety of stimuli including pH change, temperature and external force,
imparting dynamic features and self-healing capacity to such hydrogels.5-11 A wide variety
of supramolecular chemistries have been used for hydrogel formation in the past decades
including hydrogen bonding2, host-guest interaction13-17, electrostatic interaction’- 18 and
metal-ligand coordination!®-22, Compared to covalent hydrogels, a significant shortcoming
that hinders the applications of current supramolecular hydrogels is their poor mechanical
properties, which is primarily caused by the low stability of supramolecular interactions.
One approach to build strong hydrogel network is to using multivalent interactions.
Recently, hydrogels based on multiple ionic interactions between telechelic positively
charged polymers and negatively charged nano-clays are reported to exhibit high elastic
modulus.® Oppositely charged triblock copolymers are also reported to form high modulus
hydrogels, where the ionic blocks self-organize into nano-sized domains due to electrostatic
interactions.’ Other strategies to fabricate stable and stiff supramolecular hydrogels include
introducing reinforcing nanoparticles?® and combining multiple non-covalent interactions!2.
Even with the improved stiffness, supramolecular hydrogels still under-perform in
extensibility.

In general, supramolecular hydrogels can self-heal after damage due to the reversible
association of the supramolecular interactions. It remains a daunting challenge to achieve
fast and efficient healing of these hydrogels.24 25 For example, through rationally designing
the polymer network, supramolecular hydrogels based on host-guest interactions can realize
complete recovery of the mechanical strength.2> However, the time needed for the healing
process is very long, typically tens of hours.

We hypothesized that a key factor for a highly extensible and fast self-healable hydrogel is a
reversible interaction that is stable yet re-associate rapidly. Among the known reversible
interactions, the mussel-inspired catechol-Fe3* complexes possess some of the highest
association constants (K, ~ 1037-1049) and the rupture force of a single metal-catechol bond
is even comparable to that of a covalent bond (0.8nN vs. 2.0nN).28 In addition, the
complexes can rapidly re-associate after the rupture of the coordination bonds. Coordination
between Fe3* and catechol ligand was found to play a significant role in the self-healing
property of the cuticle of mussel byssal threads.2’-31 Only very recently, researchers began
to incorporate the mussel-inspired chemistry in synthetic materials to utilize the re-
association capacity of metal-catechol interactions.2%: 21. 32 A hydrogel was synthesized by
conjugating the catechol group to multi-functional polymers and crosslinking the catechol-
bearing polymers with Fe3* in a way that mimics the natural process for byssal thread
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assembly.20 33, 34 This mussel-inspired hydrogel exhibits self-healing property. However, it
still underperforms in extensibility and elasticity and cannot be fabricated in a large scale.
The used pH-jump method involves mixing the precursor solution with an alkaline solution,
and therefore results in extremely fast gelation and significant inhomogeneity in the
resulting hydrogels. As the polymer network in the mixing-induced hydrogel is highly
heterogeneous, the loosely cross-linked regions tend to develop into catastrophic cracks
under a tensile force, and thus drastically reducing mechanical strength and extensibility of
such hydrogels.

In this work, we report a novel strategy to develop stimuli-responsive supramolecular
hydrogels with high extensibility and fast self-healing capacity by using photo-
polymerizable, pre-coordinated catechol-Fe3* (PCCI) complexes as the multi-functional
crosslinkers and acrylamide (AAM) as the monomer. The pre-coordination of the metal-
ligand complexes before the gelation is intended to maximize the dynamic bond formation
efficiency, circumvent the uncontrollable metal-catechol association kinetics, and therefore
minimize the heterogeneity of the resulting hydrogel. Excitingly, the photo-induced radical
polymerization used in our hydrogel system gives rise to excellent homogeneity in
microstructure due to the pre-formed coordination bonds, which we hypothesized to enhance
the mechanical properties of the novel hydrogels. The hydrogels as prepared (containing
FeCl3 content as low as 0.038 wt%) can be stretched beyond 10 times their original lengths
without rupture, which surpasses many covalent hydrogels. The hydrogels also exhibit fast
self-healing property: upon damage the high extensibility of the hydrogels can be
completely recovered within 20 minutes by simply rejoining the broken pieces, even after
the hydrogels are entirely cut apart.

EXPERIMENTAL SECTION

Materials

All the chemicals used in the experiments were purchased from Sigma-Aldrich unless stated
otherwise. 40 wt% acrylamide stock solution, 1.9 wt% FeCls solution, 0.5M Tris buffer (pH
8) and 0.1M borate buffer (pH 10.2) were prepared and stored at 4°C in a refrigerator until
use.

Synthesis of DMA Monomers and LAP Photo-initiator

DMA (dopamine methacrylamide) was synthesized according to a published method.3® 10 g
of sodium borate and 4 g of sodium bicarbonate were dissolved in 100 ml of DI water. After
bubbled with nitrogen for 20 minutes, 5 g dopamine hydrochloride was added to the
solution. Then 4.7 ml of methacrylate anhydride in 25 ml of THF was added drop wise. The
reaction was carried out at room temperature overnight with nitrogen bubbling. The reaction
mixture was washed with 50 ml ethyl acetate, followed by adjusting the pH to 2 with 4M
HCI solution. 50 ml ethyl acetate was used to extract the product from the aqueous solution
3 times. The combined organic layers were dried under anhydrous magnesium sulfate and
concentrated to about 25 ml. 250 ml hexane was slowly added to the solution under stirring
and the suspension was held at 4°C in a refrigerator overnight. The precipitate was filtered
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and dried in vacuum for 1 day. TH-NMR spectroscopy (400 MHz, DMSO-dg): 6.64-6.57
(m, 2H), 6.42 (d, 1H), 5.61 (s, 1H), 5.30 (s, 1H), 3.21 (m, 2H), 2.55 (t, 2H), 1.84 (s, 3H).

The photo-initiator, lithium acylphosphinate (LAP), was synthesized using the method
introduced by Majima et al.36: 37 3.2 g (0.018 mol) of 2, 4, 6-trimethylbenzoyl chloride was
added drop-wise to an equimolar amount of continuously stirred dimethyl
phenylphosphonite (3.0 g) under nitrogen protection. After 18 h of reaction, lithium bromide
(6.1 g) dissolved in 100 mL of 2-butanone was added to the reaction mixture and the
mixture was then heated to 50°C. After 10 min, the mixture was cooled to ambient
temperature and left for 4 hours before filtration. The filtrate was washed 3 times with 2-
butanone and dried in vacuum overnight. 1TH NMR spectroscopy (400 MHz, D,0): 7.57 (m,
2H), 7.42 (m, 1H), 7.33 (m, 2H), 6.74 (s, 2H), 2.09 (s, 3H), 1.88 (s, 6H).

Preparation of Hydrogels

Detailed procedure for the synthesis of dopamine methacrylate and LAP can be found in
Supporting Information. Hydrogels were synthesized using a one-step photo-polymerization
method in the presence of a photo-initiator. To prepare the precursor solution, 8.75 ml
acrylamide stock solution (40 wt%) and 14.5 ml borate buffer (0.1M, pH10.2) were added
into separate glass vials. Then 125 mg LAP photo-initiator was dissolved in the borate
buffer. These solutions were then bubbled with nitrogen for 10 minutes to eliminate the
dissolved oxygen. 44 mg DMA monomer, pre-dissolved in dimethyl sulfoxide (DMSO),
was subsequently added into the acrylamide solution, followed by the addition of 500 pl
FeCl3 solution (1.9 wt%). A dark green color immediately developed after the addition of
FeCls3 solution. Then the borate buffer was poured into the green solution, changing the
color to dark red. The mixed solution was again bubbled with nitrogen for 10 minutes before
cross-linking. The oxygen-free solution was injected into a Petri dish (10015 mm) and
irradiated with ultraviolet light (8 mW/cm?2, wave length 365 nm) for 1 hour to ensure
complete gelation. For bis-complex crosslinked hydrogel, 0.5M Tris buffer (pH 8) was used
instead of borate buffer.

Absorbance Spectrophotometry

The coordination between catechol and Fe3* at pH 8 and 10 was monitored on a UV-visible
light spectrophotometer (U-2910, HITACHI). The dopamine methacrylate-FeCl3 solution
was prepared according to the same method as preparing hydrogel precursor solution except
that no acrylamide was added. The final concentration of dopamine methacrylate was 4 mM
for both conditions (pH 8 and pH 10).

Rheological Testing

The rheological tests of the hydrogels were performed on an HR-2 Discovery Hybrid
rheometer (TA Instruments, United States). Parallel plate with 20 mm diameter was used for
all the tests. The gap distance between the plates was 1 mm. A constant strain of 1% was
applied for the frequency spectrum measurement. For measurements other than frequency
spectrum, a constant 1.59 Hz was used. For the temperature stability test, the modulus
during the heating process was measured with a heating rate of 10°C/min from 25°C to
80°C.
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Mechanical Test

All the tensile stress-strain measurements were performed on an MTS Synergie 200
mechanical tester (MTS Systems Corporation, USA). All samples were cut into rectangular
sheets (32x22x3 mm3). At least 3 specimens were tested for each sample. The loading rate
of the tensile test was 100 mm/min with a gauge length of 10 mm. For self-healing test, the
specimens were cut apart right in the middle and rejoined immediately with modest
compression.

Remoldable Behavior of the Hydrogel

PDMS molds were fabricated by mixing the two components in a 10:1 ratio and curing at
70°C for 5 hours. Differently shaped molds were created by putting a triangle, hexagonal or
flower-shaped metal pieces before the curing step. To reshape the hydrogel, a disc-shaped
hydrogel was compressed into the PDMS molds with glass slides and the compression was
maintained for 20 minutes.

Hydrogel dissolution in EDTA solution

Hydrogels prepared following the above procedures were cut into round discs with a
diameter of 8 mm. 10 ml EDTA solutions with varying concentrations (0 mM, 10 mM, and
100 mM) were added into separate vials. The hydrogel discs were placed in the vials with
tweezers and then the vials were sealed. The experiments were performed under room
temperature.

RESULTS

Hydrogel formation via pre-coordinated metal-ligand interactions

The monomer bearing a catechol group (dopamine methacrylamide, DMA) was synthesized
according to the method of Messersmith et al.3> In our new approach (Scheme 1), DMA and
FeCl3 solution with molar ratios of 2:1 and 3:1 were first mixed, followed by adjusting the
pH to 8 and 10 using respective buffers. The instant formation of coordinated bis- and tris-
catechol-Fe3* complexes was evidenced by the color change and ultraviolet-visible light
absorption spectrum (Figure 1a). The absorption peaks at 467 nm and 535 nm indicate the
coordination bonding between catechol ligand and Fe3* in ratios of 3:1 and 2:1 respectively.
The pH-dependent coordination behavior between DMA and Fe3* resembled that between
polymer-conjugated catechol and Fe3* as reported by others.20 Although borate in the buffer
might form complexes with catechol groups, the coordination between catechol and Fe3*
possesses a significantly higher association constant (K,~10%0 vs. Ka~10%), which explains
the prevalence of the catechol-Fe3* complexes in the solution. 29 The exact influence of
buffer on the coordination behavior and performance of the hydrogel will be elucidated in
future studies.

In the coordinated form, these complexes can act as robust multi-functional linkers for
hydrogel formation. The PCCI solution containing 14 wt% of acrylamide was irradiated
with ultra-violet (UV) light (8w/cm?, wavelength 365nm) for 1 hour to induce the radical
polymerization in the presence of photo-initiator LAP, which was selected due to its
exceptional efficiency and high water solubility compared to the commercially available
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initiators such as IRGACURE 2959.36 37 As a photo-initiator, LAP absorbed a large
quantity of UV light at long wavelength band (Figure 1b). Thus, compared to IRGACURE
2959, LAP can be readily excited by a long wavelength UV light lamp (wave length 365
nm). The choice of LAP as our initiator was proven to be essential for the complete gelation,
as the bis- and tris- catechol-Fe3* complexes severely interfere the initiator’s absorbance of
UV light (Figure 1) and thus undermine the efficiency of the initiation process. We also tried
the redox system APS/TEMED to initiate the polymerization. However, this initiator system
tended to oxidize the catechol group and disrupted the coordinated complexes.

It was found that even very low concentration of PCCI complexes (molar ratio 0.0006 to
acrylamide, FeCl3 0.019 wt%, pH10) was sufficient to induce the gelation. Hydrogels were
fabricated using either tris- or bis- complexes (Figure S1). However, the tris-complex
containing hydrogel exhibited better mechanical properties due to the higher stability and
was used for the subsequent studies. To demonstrate the versatility of the pre-coordinated
linker strategy, we also fabricated PCCI-linked thermo-responsive poly(N-isopropyl
acrylamide) hydrogel, which exhibited a pronounced volume change in response to
temperature change (Supplemental Figure S2).

As a control, we prepared catechol-Fe3* cross-linked hydrogel by mixing the solution of
AAM-DMA copolymer with Fe3*, followed by changing the pH with borate buffer (Figure
S3). The copolymer solution displayed a very high viscosity, preventing its adequate
reaction with the Fe3* solution. The inadequate reaction lead to the microstructural
heterogeneity of the resulting hydrogel even with vigorous stirring. A possible explanation
could be that the local presentation of high concentration of Fe3* accelerates the covalent
crosslinking between the catechol groups, which hinders the homogenization.33 The
subsequent addition of borate buffer instantly changed the color from green to red,
indicating the transition from coordinated mono-complex to tris-complex. However, the
hydrogel prepared with this method exhibited pronounced heterogeneity, making the gel too
fragile to be mechanically tested. Actually in all previous publications on catechol-Fe3*
based hydrogels prepared using the pH jump method, no tensile results were reported due to
their fragility.20:21.32

To further characterize the structural homogeneity, we also investigated the microstructure
of hydrogels prepared using the two different methods with optical microscopy. The
hydrogel prepared with our pre-coordination method exhibited excellent homogeneity
throughout (Figure S4a, S4c, S4e), as evidenced by the uniform color distribution at the
macro and micro scales. Not surprisingly, the hydrogel prepared using the pH jump method
exhibited a large degree of heterogeneity and a large number of defects (Figure S4b, S4d,
and S4f).

Mechanical behavior of pre-coordinated metal-ligand hydrogels

To investigate the extensibility and self-healing capacity of the PCCI cross-linked
hydrogels, we performed tensile test on a polyacrylamide hydrogel containing an FeClj
concentration of 0.038 wt% (catechol-Fe3* ratio 3:1, pH10), which is denoted as 1xFe
hydrogel from here on. 1xFe hydrogel with defined dimensionality (32 x 10 x 3 mm3) was
subjected to tensile testing using an MTS Synergie 200 mechanical tester. The loading rate
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was 100 mm/min unless specified otherwise. Upon stretching, a hydrogel sheet underwent a
continuous extension and the elongation at rupture was more than 10 times its original
length (Figure 2a—c). We next cut a piece of the hydrogel apart, immediately rejoined the
fresh interfaces and allow them to self-heal for 20 minutes. The involvement of fresh
surfaces is crucial for good adhesion because just bringing the surfaces of two old hydrogels
together for 20 minutes leads to very limited adhesion. Tensile testing showed that the
healed hydrogel still displayed a fracture elongation as high as 8 times the original length.
Although a trace of the self-healed scar was evident, the new rupture occurred at a location
away from the self-healed site (Figure 2d—f), implying that the mechanical property of the
gel was fully recuperated within 20 minutes after cutting.

Tensile strength increased with increasing catechol-Fe3* content, while the elongation at
break decreased with increasing catechol-Fe3* content (Figure 3a&b). The self-healing of
1xFe hydrogel was evaluated at two time points (Figure 3c). After the fresh cut surfaces
were rejoined for 5 minutes, the maximum strain of the healed hydrogel reached 670%,
while an increase of the healing time to 20 minutes further improved the healing and
increased the maximum strain to 800% (Figure 3c). Furthermore, the self-healed sample
demonstrated a similar stress-strain curve to that of the virgin sample.

Most physical hydrogels deform permanently upon external loading because such reversible
interactions are low in stability and often unable to bear the load. To investigate the
hydrogel’s capability of recovering from the strain, we performed a cyclic tensile test and
examined the residual strain after the release of the load. Different hydrogel samples were
first stretched to 2, 4 and 6 times their original lengths and then the load was immediately
released. Different residual strains were observed for these samples (Figure 3d). However,
after a short recovering time (less than 5 minutes), negligible amount of strain (less than
10%) was retained, indicating the hydrogel was not a viscous fluid and its shape was
recoverable under these deformation conditions. The hydrogel’s resistance to fatigue was
tested with repeated loading and unloading. 20 minutes after the first loading, a second
loading was applied to the same specimen (Figure 3e). Approximately the same elastic
modulus and stress were observed for the first and second loadings. After another 20
minutes, a third loading was applied and the sample was stretched to rupture. Again the
same elastic modulus and stress were observed. The strain at rupture reached 950%,
showing no statistical difference from the virgin sample. The high recovery capacity is
likely due to the significant stability of the catechol-Fe3* complexes.

Viscoelastic properties and re-shapeability of pre-coordinated metal-ligand hydrogels

The mechanical properties of the hydrogel were found to be strongly dependent on the
deformation rates of the test (Figure 4a). The elastic modulus and tensile strength of the
1xFe hydrogel increased dramatically with increasing strain rate. Increasing the loading rate
from 25 to 400 mm/min results in a nearly 7-fold increase in tensile strength, while the strain
at rupture decreased from ~1600% to ~500% (Figure 4b). Such strong dependence of the
mechanical properties on loading rate is not characteristic of static covalent hydrogels and
suggests the important role of the dynamic coordination bonds.
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The strong loading-rate dependence of the deformation behavior also implies that PCCI
crosslinks can rearrange in a time-dependent fashion. Therefore, the stress of the PCCI
crosslinked hydrogels is likely also strongly correlated with the holding time of a fixed large
strain in a stress relaxation experiment. By holding the pre-strain at a large scale (strain =
500%), we measured the decreasing stress with the increasing holding time. The result
showed that the stress in the hydrogel was quickly decreased from 6.1 KPa to nearly zero
within just 10 minutes (Figure 4c). Covalently crosslinked polyacrylamide hydrogels were
also shown to undergo a stress relaxation caused by the disentanglement of the polymer
chains, but the extent of stress relaxation was from less than 10% up to 50% due to the
constraint of the covalent links. 38 The catechol-Fe3* complex based hydrogel displayed a
stress relaxation up to almost 100%, indicating the importable role of the reconfigurable
dynamic crosslinks. Interestingly, the dynamic crosslinks make the PCCI crosslinked
hydrogels re-shapeable after it is cast in a mold. A PCCI crosslinked hydrogel disc could be
remolded into triangle, hexagonal, and flower-like shapes after being compressed into
different molds for a period of 20 minutes (Figure 4d). In contrast, the remoldable behavior
is absent in static covalent hydrogels and has important applications because the shape of a
hydrogel in many cases needs to be altered to fit a new shape. For example, an implantable
tissue substitute has to fit well to the size and shape of the tissue defect, where using re-
shapeable materials is advantageous.

The recovery testing (Figure 3d) and repeated loading (Figure 3e) experiments validated the
hydrogel’s elastic recovering capacity and favorable fatigue resistance. The stress relaxation
and remolding experiments (Figures 4c & 4d) revealed that a large residual strain persisted
after the load had been removed. To understand the relationship between the plastic
deformation and loading condition, we measured the residual strain after deformation under
different conditions, including high loading rate, low loading rate and stress relaxation
(holding a fixed strain for a period of time). For all the measurements, the hydrogel was
stretched to 5 times the original length, and the residual strain was examined 20 minutes
after the unloading (supplemental Figure S5a). At high loading rates (200 and 100 mm/min)
the residual strains were found to be less than 10%, corroborating well with the recovery
experiment that was carried out at 100 mm/min. Reducing the loading rate to 10 mm/min
dramatically increased the residual strain to 91%. After stress relaxation (pre-stretching the
hydrogel sample at a rate of 400 mm/min to 5 times the original length, followed by holding
this strain for 10 minutes to allow the release of the internal stress), the residual strain
reached as high as 152%. The high residual strain after stress relaxation process
corroborated with the re-shapeable behavior, where the hydrogel was compressed into a new
mold and maintained there for a long-enough period of time, resulting in a permanent shape
change. Since the loading time is inversely proportional to the loading rate when the total
strain is fixed, the correlation between the residual strain and the loading time was plotted,
revealing that the residual strain increased with increasing loading time (supplemental
Figure S5b).

Rheological properties of pre-coordinated metal-ligand hydrogels

To further characterize the dynamic mechanical behavior of the hydrogels, we performed
rheological tests to the 1xFe hydrogel under varied frequencies, strains and temperatures.
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Due to the reversible association between catechol ligands and Fe3*, the dynamic moduli of
the hydrogel were sensitive to the test frequency (Figure 5a). At very low test frequencies,
the loss modulus was slightly higher than the elastic modulus, indicating that the hydrogel
displayed primarily a viscous fluid-like characteristic (Figure 5b). A sol to gel transition
occurred at a frequency of 0.016Hz, and the elastic behavior became dominant after the
transition point. Overall, the elastic modulus increased dramatically with the increase of test
frequency from 0.01Hz to 100Hz, which corroborate with the tensile testing results under
various strain rates (Figure 4a). Hydrogels with different concentrations of pre-coordinated
complexes (Figure S6 for 0.5xFe hydrogel and Figure S7 for 2xFe hydrogel) exhibited a
similar frequency dependent behavior, although the sol-gel transition point moved to a
higher frequency for the 0.5xFe hydrogel and to a lower frequency for the 2xFe hydrogel.
Control experiments were carried out on the non-crosslinked polyacrylamide solution and
covalently-crosslinked polyacrylamide hydrogel (Figure S8 and Figure S9). The storage
modulus of the non-crosslinked polyacrylamide was lower than the loss modulus in the full
frequency range, indicating that without crosslinking the polymer displayed a pure liquid
behavior. On the other hand, the covalent polyacrylamide hydrogel exhibited frequency-
independent elastic modulus and the loss modulus was lower than the elastic modulus at all
frequencies.

When strain is increased, the tendency of disassociation of the catechol-Fe3* coordination
bond is intuitively expected to increase (Figure 5¢), which was tested by examining how the
modulus change with increasing strain levels. In Figure 5d, the hydrogel was subjected to an
increasing shear strain from 0.1% to 1000%. Interestingly, the elastic modulus kept steady
even when the strain reached 500%, indicating that the catechol-Fe3* coordination bond is
very stable and the hydrogel is highly homogeneous. With further increased strains, the
elastic modulus began to decrease, indicating the softening of the hydrogel. However,
yielding behavior was not observed even when the strain was nearly 1000%, corroborating
the tensile mechanical testing results that the hydrogel could withstand a very large
deformation (10 times the original length) before break.

The strength of most dynamic bonds, including the coordination bonds, is influenced by
temperature, which renders the hydrogel thermo-responsive (Figure 5e). In Figure 5f, we
investigated the rheological properties of the pre-coordinated hydrogels under a wide
temperature range from 25°C to 80°C. During a continuous heating process, the elastic
modulus of the hydrogel gradually decreased, while the loss modulus gradually increased. A
gel-sol transition occurred at 73°C, above which the hydrogel melted. This result
demonstrates that the hydrogel responds to temperature change.

Hydrogel dissolution in EDTA solution

Catechol-Fe3* complexes can disassociate in the presence of ethylene diamine tetraacetic
acid (EDTA), a strong chelating agent for metallic ions including Fe3*-20: 33 Thus EDTA
can be used as a chemical stimulus to trigger the dissolution of the hydrogel. We
investigated the response of the pre-coordinated hydrogel to EDTA by monitoring the
hydrogel change in EDTA solutions (Figure 6). The prepared hydrogel samples were placed
in vials with varying concentrations of EDTA, from 0 mM to 10 mM and 100 mM. After
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only 10 minutes the color of the hydrogel in 100 mM EDTA started to fade from the outer
surface of the sample, indicating the disassociation of the catechol-Fe3* complexes. The
hydrogel in 10 mM EDTA showed a less degree of color change. The hydrogel in pure water
remained intact. Similar trend was observed after incubating the hydrogel for 30 minutes.
After 3 hours, hydrogels in both 10 mM and 100 mM EDTA were completely dissolved,
while the hydrogel in pure water maintained the original color and shape. The results
verified the EDTA responsiveness of the hydrogels.

DISCUSSION

Taken together, the results validate our hypothesis that stimuli-responsive supramolecular
hydrogels with high extensibility and fast self-healing can be fabricated using polymerizable
pre-coordinated catchol-Fe3* as crosslinkers, due to the highly stable yet reversible feature
of the pre-coordinated crosslinkers and the controlled photo-polymerization. The distinctly
different mechanical behaviors between our hydrogels and other catechol-Fe3* based
hydrogels demonstrate that the pre-coordination strategy significantly enhances the
extensibility and strength of the materials. Structural heterogeneity has been recognized as
an important cause of low mechanical properties of hydrogels. Thus, to fabricate hydrogels
with homogeneous microstructure is an efficient approach to improve mechanical properties.
Our group has reported a method to fabricate ionic alginate hydrogels with improved
uniformity and mechanical properties by controlling the gelation kinetics.3? Similar to the
alginate hydrogels, mixing-induced catechol-Fe3* based hydrogels are highly heterogeneous
in structure due to the extremely rapid association kinetics of the metal-ligand complexes. In
a heterogeneous hydrogel, the regions of low crosslinking density act as structural defects,
leading to substantially reduced mechanical properties. To prevent the rapid crosslinking
and improve the uniformity of the hydrogels, we developed a one-step photo-crosslinking
method with pre-coordinated catechol-metal complexes as the dynamic linkers. This
approach simultaneously improved the uniformity and coordination efficiency,
synergistically resulting in the remarkable mechanical properties of the hydrogels.

The experimental results (Figure 4) also reveal that the mechanical properties of the pre-
coordinated hydrogels (strength, extensibility and recoverability) strongly depend on the
deformation conditions: the hydrogels exhibit higher stiffness, better recoverability and less
extensibility under fast loading, compared to those under slow loading conditions. The
strong strain-rate dependency likely originates from the unique properties of the dynamic
catechol-Fe3* complexes. From a microscopic view, under fast loading the polyacrylamide
chains in the network are stretched elastically, while the majority of the crosslinkers are still
intact due to their exceptional resistance to rupture. Thus the deformation can be readily
recovered after removing the load. However, under slow loading conditions, the coordinated
complexes are dynamic, enabling the complexes to disassociate and re-associate under
external forces with a sufficiently long time period. As a result, low stiffness, permanent
deformation and shape change are observed. Here the PCCI complexes act as the sacrificial
bonds to enhance the extensibility of the hydrogel. At the same time, numerous new
catechol-Fe3* complexes form at new locations. The relocation of the complexes
accommodates the changes in size and shape of the hydrogel.
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Another remarkable feature of the pre-coordinated hydrogels is that they can heal the
damages autonomously in very short time even after being completely cut apart. Our results
show that the high extensibility of the hydrogel can be fully recovered within 20 minutes.
We hypothesize that the extraordinary self-healing capacity stems from the rapid re-
association kinetics of the coordination bonds between catechol groups and Fe3*. Although
certain supramolecular hydrogels are mechanically stable and self-healable, the time for the
self-healing to occur is usually from hours to days.2> A possible reason for the slow self-
healing is that the supramolecular units in those hydrogels (such as host-guest and
cooperative electrostatic interactions) re-organize slowly after being broken by external
forces. To the contrary, the catechol-Fe3* complexes associate rapidly, as evidenced by the
instant color change of the solution after mixing the two components. Previous reports on
the mixing-induced catechol-Fe3* hydrogels also confirm the rapid coordination kinetics, as
the gelation occurs immediately after mixing the multi-functional polymers with

Fe3+.20. 21,33 | the pre-coordinated hydrogels, the coordination bonds at the fracture surface
are broken upon cutting, leaving un-coordinated catechol groups and Fe3*. When the
interfaces are rejoined, the catechol group and Fe3* rapidly re-associate to effectively heal
the hydrogel pieces.

CONCLUSION

In summary, we developed stimuli-responsive supramolecular hydrogels with high
extensibility and fast self-healing capacity based on a novel strategy that uses pre-
coordinated catechol-Fe3* complexes as the dynamic crosslinkers. The hydrogels with
excellent homogeneity can be fabricated and cast into various shapes by polymerizing the
monomers in the presence of a highly efficient photo-initiator. Depending on the
composition and deformation rate, the hydrogels can be stretched beyond 10 times their
original lengths. Moreover, the high extensibility is completely recovered within a very
short time period even after the hydrogel is entirely cut apart and rejoined together. The
hydrogels contain very low concentrations of catechol monomer and Fe3*. The strategy can
potentially be utilized to develop other polymer gels using different monomers. In addition,
the re-shapeable property of the hydrogel is appealing in many applications where the
alteration of hydrogel shape is required. This work demonstrates an excellent example of
combining nature-inspired chemistry with a smart engineering design for novel hydrogel
development.
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UV-Vis absorbance of DMA-Fe3* solution and the photo initiators. (a) Absorption peaks at
467nm and 535nm indicate the formation of tris- (open squares) and bis- catechol-Fe3+

(solid squares) complexes respectively. (b) UV-Vis absorbance of LAP and 12959.

Compared to 12959 (open circles), LAP (solid circles) absorbs significant higher amount of

light at 365nm.
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Figure 2.
High extensibility and fast self-healing property of the hydrogel prepared using the pre-

coordination method. (a—c) Tensile test of the as-prepared hydrogel sheet. A strain at break
of 1000% was achieved in a tensile test. (d—f) Tensile test of the self-healed hydrogel sheet.
The hydrogel sheet was cut apart and rejoined for self-healing for 20 minutes before the test.
A maximum strain of 800% was achieved before the rupture. Note that the rupture occured
not at the self-healed site, indicating the hydrogel completely self-healed within 20 minutes.
The hydrogel (1xFe) used in the test was prepared with 14 wt% acrylamide, 0.176%
dopamine methacrylamide, 0.038% FeClI3 and 0.5% photo-initiator (LAP).
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Figure 3.

Composition dependent, self-healing and self-recovery properties of the hydrogels. (a) The
tensile stress-strain curve of the hydrogel is dependent on the concentration of catechol-Fe3*
complexes. (b) The maximum stress and rupture strain are dependent on the concentration of
the complexes. Higher concentration of the complexes results in higher mechanical strength
and lower rupture strain. (c) A self-healed sample exhibits similar stress-strain behavior to
that of the virgin sample. (d) Different residual strains were observed for different samples
that were first stretched to 2, 4 and 6 times their original lengths, but all became negligible
(less than 10%) after a short recovering time of 5 minutes. (e) Repeated loading to the same
sample revealed the full recovery of the mechanical properties after a 20-minute recovery
time. Error bars: SD, n=3.
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The viscoelasticity and remoldable behaviors of the hydrogels (1xFe). (a) Tensile stress-
strain curves of the hydrogels under different deformation rates from 25 to 400 mm/min. (b)
Dependence of the tensile strength (maximum stress) and rupture strain on deformation rate.
Increasing deformation rate results in higher strength and lower rupture strain (Error bars:
SD, n=3). (c) Stress relaxation behavior of the hydrogel. (d) Re-moldable behavior of the
hydrogel. A hydrogel disc is reshaped into triangle, hexagonal and flower-like shapes after
being compressed into different PDMS molds (Scale bars: 10mm).
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The rheological measurements of the hydrogel (1xFe). (a) Reversible association and
disassociation between catechol groups and Fe3+. (b) Dynamic moduli of the hydrogel
under varied frequency. (c) The coordinated complexes tend to disassociate under a large
strain. (d) Dynamic moduli of the hydrogel under increasing strains. () The coordinated
complex tends to disassociate at a high temperature. (f) Dynamic moduli of the hydrogel

under heating.
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Dissolution of the pre-coordinated metal-catechol hydrogel (1xFe) in EDTA solution. The

dissolution of the hydrogel is investigated in an aqueous solution with varying EDTA

concentrations (0 mM, 10 mM and 100 mM) over time (at 10 minutes, 30 minutes and 3

hours).
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Photo-polymerized hydrogels using pre-coordinated catechol-Fe3* complexes as dynamic

crosslinkers.
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