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A general method for preparing mechanically strong hydrogels that can undergo light-triggered healing

was demonstrated. By loading a small amount of gold nanoparticles (AuNPs, 0.05 wt%) in hydrogel

prepared with stearyl acrylate (SA), N,N-dimethylacrylamide (DMA) and N,N’-methylenebisacrylamide

(MBA), whose strength is endowed by chemical crosslinking coexisted with crystallized hydrophobic SA

side chains acting as the physical crosslinks, exposing a cut-through damage to laser of wavelength at the

surface plasmon resonance of AuNPs and subsequently turning off the light, gives rise to efficient healing

of the hydrogel as a result of the reversible melting-crystallization phase transition of the hydrophobically

associated SA chains. Hydrogel of this kind exhibits unprecedented tensile strength after repairing greater

than 2 MPa. It also displays light-controllable shape memory effect.

Introduction

Hydrogels, made from natural or synthetic polymers, hold an
important place in smart and soft materials due to their
applications in many areas such as biomedicine,'biosensors,” soft
robotics® and tissue scaffolds.* In particular, inspired by nature,
polymer hydrogels capable of self-repairing damage have
attracted much attention in recent years. Up to date, a variety of
strategies have been successfully developed to enable hydrogels
self-healing, including the use of hydrogen bonding,’ electrostatic
interactions,’ dynamic chemical bonds,” m-m stacking,8 ion
migration,9 molecular recognition,10 metal coordination,'!
molecular diffusion'> and hydrophobic associations with
surfactant.”> However, self-healable hydrogels as well as
hydrogels healable under the effect of a stimulus (generally
heating) are soft materials of low mechanical strength. This
weakness prevents them from some stress-bearing applications
such as cartilage and tissue engineering scaffolds. To our
knowledge, the magnitude of the tensile strength regained after
repairing for most healable hydrogels is below 0.4 MPa. Only
few mechanically strong healable hydrogels were reported
recently. For example, Gong et al®® demonstrated polyampholyte
hydrogels (water content 50-70 wt%, original strength as high as
2 MPa) which showed partial self-healing in salt solution or at an
elevated temperature in water (50 °C) with a recovered strength
of around 0.38 MPa. Wang et al’® reported graphene-reinforced
nanocomposite hydrogel (water content ~78 wt%) exhibiting high
tensile strength up to 0.35 MPa after repairing at an elevated
temperature. The challenge of making self- or stimuli-healable
strong hydrogels is inherent. Efficient healing of a hydrogel
requires high polymer chain mobility and diffusion in the
damaged region, which normally means low mechanical strength.
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This is the reason for which healable hydrogels are usually made
with dynamic networks or physically crosslinked systems, while
self-healing of permanently crosslinked hydrogels with high
crosslinking density for mechanical strength, has remained
largely inaccessible because of the much reduced chain mobility.
Herein we demonstrate a general method for preparing light-
healable strong hydrogel. We show that the tensile strength after
optical healing of cut-through damage can reach > 2 MPa for
hydrogel prepared by copolymerization of stearyl acrylate (SA),
N,N-dimethylacrylamide (DMA) and N,N’-
methylenebisacrylamide (MBA), containing 0.05 wt% of gold
nanoparticles (AuNPs) surface-functionalized with poly(N-
acryloyl 6-aminocaproic acid) (PA6ACA).

Experimental

The key steps for preparing the strong hydrogel containing
AuNPs are described below. Additional details on the synthesis
and characterizations are given in Supporting Information.
Synthesis of PAGACA-functionalized AuNPs: To a vigorously
stirred solution containing HAuCl;3H,O (39.4 mg, 0.1 mmol)
and PA6ACA (0.8 g, 0.2 mmol) in 40 mL MeOH, NaBH, (0.3
mmol) in 3 mL MeOH was added dropwise under cooling in an
ice bath. The solution rapidly turned red and it was kept under
stirring for another 3 h at room temperature. Afterwards, three
consecutive centrifugations at 28,000 rpm were carried out to
collect AuNPs and remove free polymer chains. The obtained
AuNPs can readily be dispersed in MeOH, DMSO or water.
Synthesis of AuNP-containing Hydrogels: The AuNP-loaded,
chemically cross-linked P(DMA-SA) hydrogel was prepared by
using an in-situ free radical copolymerization method. As an
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example, AIBN (7 mg, 0.043 mmol, initiator), MBA (3.8 mg,
0.025 mmol, covalent crosslinker), SA (105 mg, 0.324 mmol),
DMA (125 mg, 1.263 mmol), AuNP (0.115 mg in 0.1 mL
MeOH) and 0.5 mL ethanol were introduced into a flat-bottom

s vial with an sealable cap. The mixture was first pre-heated to 40
°C to obtain a homogeneous solution and then immersed into an
oil bath at 85 °C for 30 min to afford the in-situ free radical
copolymerization. Afterwards, the as-synthesized cross-linked gel
was completely dried under vacuum at room temperature before

10 being soaked in a large amount of water for at least two weeks to
remove un-crosslinked water-soluble species and for the hydrogel
to reach its equilibrium swelling state. In addition, following the
same procedure and under the same conditions, replacing SA
with lauryl acrylate (LA), hexyl acrylate (HA) or ethyl acrylate

1s (EA) allowed us to prepare AuNP-containing hydrogels in which
the hydrophobic side chains are shorter than SA.
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Figure 1. (a) Schematic illustration of light-healable strong hydrogel
based on a photothermally induced melting-crystallization phase
transition of the physical crosslinks; (b) synthesis of crosslinked P(DMA-

45 SA)/AuNP hybrid hydrogel with hydrophobic side chains for physical
crosslinking through crystallization; and (c) synthesis of PAGACA-
capped AuNPs.

Results and Discussion

Figure 1a schematically depicts the used method. A small amount
so of AuNPs is added in a mechanically strong hydrogel prepared
using a strategy first reported by Osada et al. for imparting the
shape-memory effect.'** The hydrogel is built up with chemical
crosslinking coexisted with crystallized hydrophobic long alkyl
side chains acting as physical crosslinks; the physical network
ss allows for fixation of a temporary shape and its dissociation
enables the recovery of the permanent shape.'* On the other hand,
hydrogel capable of self-healing at room temperature through

hydrophobic associations of alkyl side chains was first
demonstrated by Tuncaboylu et al.'* by making use of the
s dynamic nature of physical crosslinks stabilized by micelles of a
surfactant. In our case, to achieve optical healing of strong
hydrogel, a laser of wavelength close to the surface plasmon
resonance (SPR) of AuNPs is applied to the fracture surfaces of
the hydrogel (e.g. cut); heat released by AuNPs due to SPR can
os raise the temperature locally in the exposed damage area and
induce the melting of the physical crosslinks so that the melt
chains can inter-diffuse in the fractured region. When laser is
turned off, the crystallization of the hydrophobic side chains takes
place on cooling that binds the fracture surfaces for healing. In
70 principle, without AuNPs in the hydrogel, direct heating should
also work for healing. However, the advantage of using the AuNP
SPR-based photothermal effect is the ability to confine the
heating only in spatially selected area, i.e. only on damage
without affecting the rest of the hydrogel, as well as the capacity
75 of remote activation of the healing process. Thermal effect
induced by external stimuli such as light, ultrasound and
magnetic field have been exploited for polymer self-healing and
shape memory'’, but we are unaware of any report of this kind.
Figure 1b shows the formulation of our hydrogel that basically is
so a random copolymer of DMA (as water-soluble polymer), SA
(for long alkyl side chains) and MBA (for covalent crosslinking).
While the hydrophilic DMA is for water uptake, the hydrophobic
SA provides dangling side chains that aggregate and crystallize to
constitute the physical crosslinks of the hydrogel. The P(DMA-
ss SA)/AuNP hybrid hydrogel was prepared by in-situ free radical
copolymerization of the mixture of the monomers in the presence
of AuNPs (Figure 1b). To ensure good dispersion of AuNPs in
the hydrogel, as shown in Figure lc, the nanoparticles were
synthesized by using a reduction method in the presence of
dithiobenzoate-terminated PA6ACA ligand. Upon addition of the
reducing agent NaBH,, the dithiobenzoate end group was
converted to the thiol group attached onto the surface of AuNPs,
resulting in AuNPs (2.5-10 nm in diameter) surface-
functionalized with PA6ACA that is a polyacrylamide favoring
the compatibility of AuNPs with the hydrogel.
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Table 1. Prepared hydrogel samples with varying SA and MBA contents
for physical and covalent crosslinking, respectively, as well as their water
content and thermal properties indicating the reversible melting-
crystallization phase transition of the hydrophobic SA side chains in most
samples (T,,: melting temperature on heating; T.: crystallization
temperature on cooling; AH: melting enthalpy; X: crystallinity).

10

S

Sample (nhfgg)l (mso'?’/[f-]) con‘{ﬁiﬁ&t%) (18) (uTé) 3/2? (?,;;]
s A 15 24 50 454 383 252 443
2 15 20 56 429 361 66 153

3 15 16 61 398 325 07 21

4 15 10 70 - - - -

. 5 27 24 47 442 374 231 383
6 60 24 42 411 353 138 209

7 150 24 38 - - -

[a] with respect to the total amount of monomers; [b] calculated with
respect to the weight of hydrogel; [c] calculated by using AH*=218 J/g
11s for 100% crystallized SA side chains.'®
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Figure 2. Characterization of the hydrogel containing 1.5% MBA and
24% SA: (a) DSC heating and cooling curves; (b) changes in the storage
modulus, G and loss modulus, G, of the hydrogel as a function of
frequency at room temperature; and (c) changes in the storage modulus
and tand as a function of temperature at a fixed frequency of 1 Hz. All
heating or cooling experiments were carried out at a rate of 5 °C/min.

Table 1 lists the hydrogel samples prepared by varying the
density of either the covalent or the physical crosslinks. At a
given concentration of MBA, the amount of SA determines the
extent of hydrophobic associations and crystallization of the SA
side chains (samples 1-4). Whereas at a constant SA content,
changing the concentration of MBA results in hydrogels of
different covalent crosslinking density (samples 1 and 5-7). The
effects of these parameters on the optical healing will be
discussed later. In all samples, the amount of AuNPs was kept at
0.05 wt% with respect to the total amount of monomers. Unless
otherwise stated, the results obtained with sample 1, i.e., the
hydrogel prepared with 1.5% crosslinker MBA and 24% SA with
hydrophobic side chains, will be presented and used for
discussion. Figure 2 shows the characterization results for this
hydrogel. At room temperature, the swelling degree at
equilibrium (weight ratio of gel containing water over dried gel)
is ~ 2, meaning that the hydrogel contains ~50 wt% of water.
This level of water content is relatively low with respect to some
tough hydrogels.> ¢ The DSC curves in Figure 2a display an
endothermic peak at 45 °C on heating and an exothermic peak at
38 °C on cooling, resulting from the melting and crystallization,
respectively, of the alkyl side chains in the hydrogel. Figure 2b
shows the storage and loss modulus of the sample as a function of
frequency at room temperature. Over the whole frequency range,
the hydrogel behaves like a solid with much higher storage
modulus. Figure 2¢ shows the change in the storage modulus and
in tand (ratio of G to G) vs. temperature at a fixed frequency of
1 Hz. The hydrogel starts to lose the stiffness at temperature
above 42 °C, dropping from around 0.4MPa at this temperature to
0.04 MPa at 60 °C. Such drastic change in the mechanical
property should be attributed to the thermally induced phase
transition from ordered (crystalline) packing to disordered
(amorphous) aggregate of the SA side chains. The concomitant
increase of tand also confirms the softening of the hydrogel
associated with the disruption of the physical crosslinks.

Efficient optical healing of the strong hydrogel is depicted in
Figure 3. One original sample was cut into two (Figure 3a-b); the
two halves were brought into intimate contact and then a diode
laser beam (A= 532 nm, 0.72 W, beam diameter ~3 mm) was
applied to the interfacial area for 5 seconds (scanning along the
junction of the two surfaces) and the two halves merged into one
single piece after turning off the laser (Figure 3c). Here it should
be noted that without laser exposure no healing effect could be
observed no matter how long the two halves were held in contact.
Likewise, without AuNPs in the hydrogel, no healing was

60 possible under the used conditions. To further evaluate
quantitatively the optical healing efficiency, tensile tests were
performed on the original and the optically healed hydrogel
samples with short laser irradiation times. After turning off the
laser and before conducting the mechanical tests, the healed

os hydrogel samples were rest at room temperature for a few
minutes for thermal equilibrium. The results of tensile test are
shown in Figure 3d.
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Figure 3. Optical healing of the hydrogel containing 1.5% MBA and 24%
SA, enabled by the melting-crystallization phase transition of the
hydrophobic side chains: (a-c) photos that visually show the healing
behavior: (a) an original hydrogel sample, (b) the sample cut into two
pieces and (c) healed sample emerging into one piece upon exposure to
laser (» =532 nm, 0.72 W) for 5 seconds (c); (d) stress-strain curves for
the original and optically healed hydrogels with two short laser (0.72 W)
exposure times at room temperature; (e) x-ray diffraction patterns of the
hydrogel sample recorded at room temperature, before exposure to laser,
upon laser exposure (0.32 W) and after turning off the laser; and (f) the
local temperature rise in the hydrogel as a function of applied laser power.
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Upon elongation, the original hydrogel sample fractured at a
stress of ~ 2.3 MPa and a strain of ~ 50%. For the optically
healed sample, whose fracture upon elongation occurred in the
initial cut, a significant healing effect was achieved using just 5
seconds of light exposure at an intensity of 0.72 W, with the
regained tensile strength reaching > 1 MPa. For the same
hydrogel, after prolonging the laser exposure to 10 seconds, upon
elongation the breaking of the healed sample took place at a
higher tensile strength, which is also the strength at fracture in
this case, close to 2 MPa, indicating an almost complete recovery
of its original mechanical properties. It should be emphasized that
to date, very few healable hydrogels were reported to exhibit a
tensile strength recovered after repairing greater than 1 MPa.
Experimental evidence supported the working hypothesis that a
photo-thermally induced melting-crystallization phase transition
inside the physical crosslinks is at the origin of the healing
process. Figure 3e shows the X-ray diffraction pattern of a
hydrogel sample where the sharp diffraction peak at 26 ~ 21.7°
arises from crystallized SA side chains. Upon laser exposure,
only a broadened halo was observable around 20 ~ 19.1°
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indicating disappearance of the ordered phase. Subsequently,
after turning off the laser, the diffraction peak characteristic of a
crystalline phase reappeared. This result confirmed that under the
used conditions laser exposure could melt the crystalline domains
packed by the dangling SA chains in the hydrogel, which was
followed by a recrystallization occurring on cooling after turning
of the laser. Moreover, by embedding a digital thermocouple into
the hydrogel, it was possible to measure the local temperature rise
in the close vicinity of the laser-exposed region. Figure 3f shows
the detected temperature as a function of the applied laser power.
With the used 0.72 W, the temperature detected rose quickly, < 4
seconds, above the melting temperature of about 45 °C. Back to
Fig.3d, the Young’s moduli at small strain for the optically healed
samples appear to be higher than that of the original sample,
which may be caused by a different state of crystallized SA
chains and probably some drying effect in the cut region exposed
to laser. However, this drying effect, if there is any, should be
minimal due to the short laser exposure time; visually no change
of the hydrogel could be noticed.
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Figure 4. Comparison of the strength at fracture between the original and
optically healed sample (10 seconds laser exposure, 0.72 W) for
hydrogels of various compositions: (a) hydrogels with 1.5% of covalent
crosslinker MBA but different SA contents (samples 1-4 in Table 1); and
(b) hydrogels with 24% of SA but different covalent crosslinker contents
(samples 1 and 5-7 in Table 1). Error bars represent the standard deviation
(n>4).

The results summarized in Figure 4 not only illustrate the effect
of both the covalent and physical crosslinks on the healing, but
also further confirm the optical healing mechanism and points out
how to make the healing effective for mechanically strong
hydrogels. Figure 4a compares the strength at fracture of
undamaged hydrogel and the recovered fracture strength after
optical healing (10 seconds laser exposure on two cut pieces, 0.72
W) for hydrogel samples with various contents of SA while
having the same covalent crosslinker concentration (1.5%). As
the SA content decreases, the initial fracture strength of the
hydrogel decreases, which is understandable because less SA side
chains means reduced contribution of the physical crosslinks to
the mechanical strength. However, down to 20% SA, there is still
an appreciable amount of crystallized SA chains for physical
crosslinking in the hydrogel (Table 1), and the optical healing
efficiency remains very high. The healing capability of the
hydrogel starts to drop with 16% SA, for which only a very slight
melting and crystallization of SA can be observed (Figure S4a).
At 10% SA, it is no surprise to see basically the absence of
healing because of the absence of crystallization of SA side
chains. On the other hand, Figure 4b reports the data for
hydrogels having the same physical crosslinking density with
24% SA but varying covalent crosslinking density with different

=S

=

Py

G

s

o0 MBA contents. When the covalent crosslinker concentration

increases from 1.5 to 2.7%, the hydrogel becomes even stronger
exhibiting a fracture tensile strength approaching 3 MPa. At this
level of covalent crosslinking, the dangling SA side chains can
still associate and crystallize (Table 1); consequently, the optical
healing efficiency remains excellent since the hydrogel showed
recovered fracture strength near 2.5 MPa. By contrast, with the
MBA concentration further up to 6%, the healing efficiency drops
considerably even though an appreciable amount of crystallized
SA chains exists in the hydrogel. This result implies that when
the polymer chain mobility is restricted too much by the covalent
crosslinking, the SA side chains melted under laser exposure can
no longer sufficiently inter-diffuse in the damage region that is
required for healing of the hydrogel after the laser is turned off.
At the highest concentration of 15% covalent crosslinks, no
melting-crystallization phase transition of SA chains could be
detected (Figure. S4b) and, concomitantly, no optical healing was
achievable. It is worth noting that in this last hydrogel, despite the
very high covalent crosslinking density, its fracture strength is
much smaller than the other hydrogels due to the absence of
physical networking. This result indicates that high mechanical
strength of this type of hydrogels comes from an appropriate
balance of the covalent and physical crosslinking densities.

The crucial role played by crystallization of the SA side chains
in the optical healing was also revealed by an additional control
experiment. Various hydrogels containing hydrophobic alkyl side
chains shorter than SA were synthesized under otherwise the
same conditions. Figure 5 shows the used acrylate monomers and
the results of the comparative optical healing measurements using
samples prepared with the same MBA concentration (1.5%) and
the same fraction of hydrophobic side chains (24%). No
crystallization of all the shorter alkyl side chains was observed in
the corresponding hydrogels. Consequently, not only the optical
healing cannot develop in those hydrogels, but also their
mechanical strength is weak as compared to the hydrogel with the
SA side chains. We also mention that the efficiency of repeated
optical healing of the same cut was investigated using the sample
with 24% SA and 1.5% MBA. The recovered strength at fracture
decreased slightly with increasing the number of fracture-healing
cycles. The average tensile strength over five cycles was about
1.5 MPa.

% 3
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SA LA HA EA

N
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I original
222 healed

Stearyl acrylate (SA) Lauryl acrylate (LA)
Hexyl acrylate (HA)  Ethyl acrylate (EA)

Fracture Strength (MPa)

0.0.
Py, SAI:( Dy, LASD( Divg, HAI;(DMA £

Figure 5. Chemical structures of the acrylates used in preparing the
hydrogels with hydrophobic side chains of different lengths; and (b)
comparison of the strength at fracture for the original and optically healed
hydrogels (10 seconds laser exposure, 0.72 W). Except the nature of the
acrylate comonomer, all hydrogels were prepared under the same

115 conditions of 0.05 wt% AuNP, 1.5% MBA crosslinker and 24% of the

comonomer. Error bars represent the standard deviation (n > 4).
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At this point, we wish to emphasize that the main appealing
feature of our AuNP-containing hydrogel is the ability of
recovering a high tensile or fracture strength (not toughness)
through optical healing. The loading of the very small amount of
0,05% of AuNPs is to ensure light-induced local heating for the
melting of crystallized SA side chains, but not for enhancing the
mechanical properties of the hydrogel, which differs from the
self-healable nanocomposite hydrogels reported by Aida group®
and others™ containing a much larger amount of clay. Also,
despite the fact that the other hydrogels prepared with shorter
alkyl side chains (Fig.5) showed no optical healing effect, the
demonstrated method is general in the sense that based on the
melting-crystallization mechanism, any hydrogel with chemical
and/or physical crosslinking could exhibit the optical healing
capability if the physical crosslinks are provided by crystalline
domains.

Moreover, it is worth being reported that our AuNP-containing
hydrogel is multifunctional exhibiting optically controllable
shape memory effect as well. As mentioned above, such
coexisted physical crosslinks formed by a microphase separated
component including the dangling hydrophobic side chains,!*
makes it possible to fix a temporary shape and their dissociation
or softening activates the permanent shape recovery. Figure 6
shows an example of results. A piece of the hydrogel prepared
with 1.5% MBA and 20% SA (sample 2 in Table 1) containing
about 56 wt% of water was stretched to ~100% strain at 70 °C in
a water bath followed by cooling to room temperature to afford
fixation of the elongated temporary shape (photos a and b). When
laser (0.32 W) was applied to the two end areas (about 2/3 of the
length) at room temperature, a selective shape recovery was
achieved in a few seconds with the sample contracting from both
sides, while the unexposed middle part of the hydrogel remained
intact (photo c¢). Subsequently, another exposure was exerted on
the middle section to fulfill the whole shape recovery (photo d).
Such optically controllable shape-memory effect originates from
chain relaxation (or strain energy release) due to local
temperature rise above the melting of the crystallized SA side
chains (dissociation of the physical network). This can readily be
confirmed by monitoring the force required to hold a hydrogel
sample at a constant length upon laser exposure. Figure 6e shows
the results for a hydrogel deformed to 50% strain (temporary
shape) and, for comparison, the hydrogel of initial shape. Upon
laser exposure, the unstretched sample displays a decrease of the
stress, which is caused by thermal softening and expansion of the
sample related to the melting of the SA side chains. By contrast,
when laser was applied to the sample of temporary shape, despite
the thermal expansion effect, a net increase in the stress was
observed due to the restoring (contraction) force arising from the
shape recovery process. Finally, we note that it is possible to
optically heal a localized damage on a sample with a temporary
shape without affecting the shape memory function, provided that
the laser beam is focused on the damaged area so that other parts
of the sample avoid photoinduced heating.
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Figure 6. Light-controlled shape-memory behaviour of the hydrogel:
photos of (a) a hydrogel of original shape, (b) the temporary shape
obtained by stretching the sample to ~100% strain at 70 °C in a water bath
followed by cooling to room temperature, (c) selective shape recovery by
exposing the two end areas (about 2/3 of the sample) to laser (0.32 W),
and (d) fully recovered permanent shape after laser exposure of the
central part of the sample; (e) different changes in the stress required to
hold a hydrogel sample with either original shape or temporary shape
(deformed to 50% strain) upon exposure to laser (0.32 W).

Conclusion

In conclusion, we reported the use of photothermal effect induced
melting-crystallization phase transition of hydrophobic alkyl side
chains to prepare light-healable, mechanically strong hydrogels
with high tensile strength after healing. The demonstrated
mechanism makes the method general and applicable to preparing
other strong stimuli-healable hydrogels. The key requirement in
using this method is to have hydrophobically associated and
crystallized side chains that constitute the physical crosslinks
coexisting with permanent crosslinking for ensuring the
mechanical strength of the hydrogels. The AuNP-containing
hydrogel also exhibits light-controllable shape memory effect
based on the melting-crytsallization mechanism.
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AuNP-containing hard hydrogel based on
coexisted chemical and physical crosslinking can

1w have damage healed by laser exposure as a result
of the melting-crystallization phase transition of
the dangling hydrophobic side chains.
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