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Visible light triggered controlled formation
of rapidly self-healing hydrogels based on
thiol—-disulfide exchangef

Linlin Wang,$*° Qingchen Cao,%° Xing Wang (2 *° and Decheng Wu (2 *°¢

The properties of stimuli-responsive hydrogels can be tailored under various external stimuli, but it is
difficult to realize the customized adjustment of hydrogel properties since the crosslinking degree in the
gelation process is intractable. Here, a visible light triggered thiol-disulfide exchange reaction was
applied for constructing disulfide-crosslinked hydrogels from P(EMA-SS-PEG), a poly(ethylene glycol)
grafted poly(ethyl methacrylate) derivative with a disulfide linkage as the grafting point. This
photochemical method provides mild gelation conditions to handily regulate the morphology,
mechanical properties, swelling ratio, and degradation rate of hydrogels by simply varying the irradiation
time. Based on this strategy, these disulfide-crosslinked hydrogel coatings showed rapid self-healing in
10 min under ambient conditions, which was dependent on the width of the scratch, temperature, and
humidity. Notably, spraying water on these coatings could significantly accelerate the self-healing
process of large scratches (360 pm) at room temperature with a self-healing time of 1 hour, enabling
the practical application of hydrogel coatings in a natural environment.

Introduction

Hydrogels are widely used in engineering and biomedical fields
owing to their soft, rubbery texture and good biocompatibility.">
Stimuli-responsive hydrogels, whose properties can be handily
and readily tailored under various external stimuli, such as pH,*
temperature,® electricity,” redox,’ and light,”® have attracted
increased interest in recent years. Based on these features, self-
healing hydrogels can enable the repair of localized physical
damage, such as cracks or scratches, to effectively prevent
catastrophic failures and extend their lifetime, and thus have been
widely developed for diverse applications,” such as coatings/
films,'®™ biosensors,"* ' drug delivery systems,"”*° and wound
healing.”*** As the dynamic covalent bonds, disulfide bonds are
particularly attractive for the construction of self-healing
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materials®**® due to their multiple stimulatory responses to
pH,>**” light,**3° heat,*"*> mechanical force,*® and redox
potential.>** Furthermore, recent research demonstrates that
the disulfide exchange reaction can proceed under ambient
conditions to endow disulfide-crosslinked networks with rapid
self-healability.>**® For example, dual sulfide-disulfide cross-
linked networks exhibited spontaneous self-healing ability
within 0.5-30 min at room temperature,®® and disulfide-
crosslinked hydrogel coatings showed good self-healing ability
without any catalyst or external intervention.?” However, self-
healing hydrogels based on disulfide exchange reactions are
still rarely developed to possess rapid and room temperature
self-healing properties without external stimuli. In addition, it
is difficult to realize the customized adjustment of the hydrogel
properties since controlling the real-time crosslinking degree
in the gelation process is intractable once the crosslinking
reaction is initiated. To surmount this challenge, we previously
established the controlled pH-triggered and photochemical
gelling system via the thiol-disulfide exchange reaction for
the customized manipulation of the structures and properties
of hydrogels.>**" Unfortunately, harsh pH environments or UV
light exposure was employed to trigger the reported crosslinking
process, which is not favorable for practical applications, such as
in the engineering and biomedical areas.

Besides the advantages of a remote trigger, tunable intensity
and wavelength, “turn-off’ effect (the light-triggered reaction
could be stopped and restarted as needed by turning off or
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turning on the irradiation light), and spatiotemporal precision,*
visible light is the biosafe irritation to fabricate hydrogels.****
Herein, we develop the visible light triggered thiol-disulfide
exchange reaction for the real-time and in situ control of
the gelling process, which not only avoids harsh pH and UV
exposure conditions but also allows regulation of the structures
and properties of hydrogels. Meanwhile, the self-healing
properties of the hydrogel coating on microcracks were investi-
gated, demonstrating its rapid self-healing properties without
any stimuli. The self-healing behavior of hydrogel coatings was
adjustable by controlling humidity and temperature. Moreover,
spraying water on coatings can remarkably accelerate the
self-healing process of hydrogel coatings to satisfy the demand
in the practical environment.

Experimental section

Materials and characterization

4-Cyanopentanoic acid dithiobenzoate (CPADB, 98%, J&KChemical),
2,2'-azobis(2-methylpropionitrile) (AIBN, 99%, Energy Chemical),
N,N-dimethylacetamide (DMAc, 99%, Energy Chemical), eosin Y
disodium salt (EY, 98%, J&K Chemical), 2-mercaptoethylamine
hydrochloride (MCA, 99%, Energy Chemical) and dithiothreitol
(DTT, 99%, J&K Chemical) were used as received. o-Methoxy-o-
thiol-poly(ethyleneglycol) (PEG-SH) was obtained from poly
(ethyleneglycol)methylether (PEG-OH, average M,, = 750) according
to the previous literature.*” Azodiisobutyronitrile (AIBN) was
recrystallized twice from ethanol. 2-(Pyridin-2-yl-disulfanyl)
ethylacrylate (EMA-SS-Py) was synthesized according to the
previous literature,*® and the structure was characterized by
the "H NMR spectrum (Fig. S1, ESIf). Other reagents were
commercially purchased from Beijing Chem. Co. and used
without further purification. The coating substrates of round
glass coverslips were modified to be more hydrophilic with
piranha solution (H,0,/H,SO, = 1/3),"” which is a very corrosive
chemical. Please be particularly careful and take necessary
protective measures to ensure the safety if using the piranha
solution. '"H NMR spectra in CDCl; were obtained on a
BrukerDRX-400 spectrometer using tetramethylsilane (TMS)
as the internal reference for chemical shifts (J, ppm). Molecular
weight was determined from gel permeation chromatography
(GPC) implemented on a Waters 1525 binary HPLC pump
connected to a Waters 2414 refractive index detector with

THF as the eluent at a flow rate of 1.0 mL min ™.

Synthesis of P(EMA-SS-Py)

A 25 mL Schlenk flask was equipped with EMA-SS-Py (200 mg,
0.78 mmol), CPADB (4.4 mg, 0.016 mmol), AIBN (0.5 mg,
0.003 mmol) and DMAc (2 mL). Three freeze-pump-thaw cycles
were performed with an argon inflow into the reaction vessel in
the final cycle and sealed to eliminate oxygen. The Schlenk
flask was then placed in a preheated oil bath at 70 °C for 6 h
and the monomer conversion rate was controlled at 82%, which
was determined by '"H NMR spectra. After being precipitated
twice in ether and dried in a vacuum, the pink solid powder was
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obtained in 90% yield and characterized by "H NMR spectro-
scopy (Fig. S2, ESIt). The molecular weight was calculated using
the formula

M, = M(monomer) x [monomer], x conversion/[RAFT agent],.

Synthesis of P(EMA-SS-PEG)

0.5 mL of acetic acid was added into the P(EMA-SS-Py) (0.20 g,
5.54 pmol, M,, = 10 700) solution in CH,Cl, (15 mL) and then
purged with nitrogen for 30 min. PEG-SH (1.2 g, 1.6 mmol,
Mn = 750 g mol ") in CH,Cl, (10 mL) was added dropwise into
the mixed solution and stirred for 3 days at room temperature.
The reaction mixture was concentrated by rotary evaporation,
and then further purified by ultrafiltration (MWCO 3500).
A viscous liquid was obtained in 95% yield after freeze-drying.

Preparation of hydrogels

A polymer precursor solution containing P(EMA-SS-PEG) (20 mg),
MCA (1.0 mg) and EY (0.4 mg) was prepared in deionized water
(200 pL). The hydrogel precursor solution was then irradiated
under a CEL-HXUV300 Xenon Light Source (50 W, 400-780 nm)
with a gentle rotation by a mechanical agitator to ensure
homogeneity. Stable hydrogels were obtained with visible light
irradiation at a predetermined time.

FT-IR characterization

Hydrogels with various irradiation times of 6 h, 12 h, and 24 h
were prepared. These samples were washed several times with
deionized water to remove the soluble substance, and then
freeze-dried. The pure polymer P(EMA-SS-PEG) was used as the
control sample. Test samples were obtained by the potassium
bromide tableting technique, and then measured on a
Bruker TENSOR-27 spectrometer in the frequency range 4000-
400 cm ™" at a resolution of 2 cm ™" with a total of 32 scans.

Morphology characterization

Hydrogels with various irradiation times (2 h, 6 h, 12 h and 24 h)
were prepared. These samples were washed by deionized water to
remove the soluble substance, and then freeze-dried. Pieces of the
lyophilized hydrogel were carefully stuck onto a conducting resin
with a double-sided adhesive. The morphology of hydrogels was
then studied by the field emission scanning electron microscopy
(SEM) at an acceleration voltage of 5 kv on a JSM-6700F micro-
scope (JEOL, Japan). The samples were sputter-coated with a thin
layer of Pt for 90 s to make the sample conductive before testing.

Rheological measurements

Hydrogels with various visible light exposure time (1 h, 2 h, 4 h,
6 h, 12 h and 24 h) were placed between two plates of the
Thermo Haake Rheometer equipped with cone-parallel plate geo-
metry (35 mm of diameter) at a gap of 0.052 mm. An amplitude
sweep (G'measured as a function of strain) was first performed in
order to confirm that measurements were conducted within the
linear viscoelastic regime. Oscillatory frequency sweeps were then
performed at 25 °C with a constant strain of 0.05% in the frequency
of 100-0.1 rad s~ .
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Swelling properties of hydrogels

Five samples with different visible light exposure time (2 h, 4 h,
6 h, 12 h and 24 h) were prepared for measurement. The
samples were immersed into dejonized water (200 mL) and incu-
bated at 25 °C until the equilibrium of swelling had been reached.
The swollen hydrogels were weighed after the excess of water on the
surfaces was absorbed with a filter paper carefully. The swelling
ratio (%) was calculated using the following equation:

SW = (W — Wa)/Wq x 100%

where Wy and Wy are the weights of the hydrogels at the
equilibrium swelling state and freeze-dried state, respectively.

Degradation of hydrogels

For degradation tests, hydrogels with the irradiation time of 2 h
and 24 h were weighed and recorded as the original weight
(Woriginal)- After being incubated in 10 mL PBS solution containing
10 mM DTT at 25 °C for a predetermined time, hydrogels were
washed by deionized water several times and then freeze-dried to
get the solid residues. The residues were weighed and recorded
as the weight of remained hydrogels (Wiesiaue) after degradation.
The relative weight (%) of the remained hydrogels was calculated
using the following equation:

RW = Wresidue/Woriginal x 100%

Fabrication of hydrogel coatings and contact angle test

The hydrogel precursor solution of P(EMA-SS-PEG), MCA and EY
was spread out onto the hydrophilic glass wafer (diameter = 5 mm)
and irradiated under the CEL-HXUV300 Xenon Light Source (50 W,
400-780 nm) for 0 and 10 min to obtain the coatings of precursor
and hydrogels, respectively. Hydrogel coating was immersed in
water for 10 s to remove the soluble substance. After air-drying,
samples were measured using a Kruss DSA100 contact angle
measurement instrument with a Sanyo camera, and the standard
water drop size was 2 pL. The contact angle test was conducted five
times at different points of the coatings.

Self-healing assays

40 pL of hydrogel precursor solution of P(EMA-SS-PEG), MCA
and EY was spread onto the hydrophilic glass wafer (diameter =
5 mm) and irradiated under a CEL-HXUV300 Xenon Light Source
(50 W, 400-780 nm) for 10 min to obtain the hydrogel coatings.
Then micro-scratch with a certain width was created by using a
razor blade. The scratch depth was controlled the same as the
depth of the corresponding hydrogel coating. Unless otherwise
stated, self-healing tests were all conducted in the constant
temperature and humidity chamber. The self-healing behaviors
of hydrogel coatings on glass substrates were investigated using
an inverted fluorescence microscope Olympus IX71 with the
mode of natural light. The area of the scratch before (4p,) and
after healing (Ag) were calculated by the measuring software of
this inverted fluorescence microscope. The healing efficiency (%)
was calculated using the following equation:

HE = (4p — Ag)/Ap x100%
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Results and discussion

In our previous work, UV irradiation replaced pH to trigger the
thiol-disulfide exchange reaction for constructing disulfide-
crosslinked hydrogels, which not only avoids a strong alkali
environment but also provides precise spatiotemporal control
of structures and properties of hydrogels. However, the UV
irradiation can damage cellular proteins and DNA.*>*
Considering biosafety issues, we thus employed the mild visible
light as an attractive alternative to effectively reshuffle disulfide
bonds and construct the biodegradable hydrogels.

For visible light triggered formation of hydrogels, we pre-
pared the comb-like polymer P(EMA-SS-PEG) via acid-catalyzed
thiol-disulfide exchange reaction of P(EMA-SS-Py) with PEG-SH
according to our previous work.*! The obtained P(EMA-SS-PEG)
was characterized by "H NMR spectroscopy (Fig. S3, ESIt),
which showed no evidence of residual pyridyl disulfide, sug-
gesting quantitative PEG grafting and the calculated molecular
weight to be around 37 600. The GPC trace of P(EMA-SSPEG)
(Fig. S4, ESIT) exhibited the M, of 42400 with a polydispersity
index (PDI) of 1.57. The obtained polymer possessed good water
solubility due to the hydrophilic PEG side chains.

When a 10 wt% P(EMA-SS-PEG) solution with photoinitiator
EY and cysteamine hydrochloride (MCA) was exposed to visible
light irradiation for 1 h, a stable hydrogel formed and retained
the shape when it was tilted (Fig. 1A).*® To avoid the alkaline
environment that may trigger the thiol-disulfide exchange,
cysteamine hydrochloride instead of cysteamine was used as
the active thiol in the formation of visible light triggered
disulfide-crosslinked hydrogels. As the gelation system was
almost neutral, it was compatible with physiological pH.
Further irradiation caused the increased crosslinking degree
of hydrogels with contraction of the gel structure and discharge
of water. In addition, the colour of hydrogels became light with
time prolonging. Therefore, visible light is effective to trigger
the formation of hydrogels.

To further confirm the formation of chemical crosslinking
network (Fig. 1B), the gelation process was monitored via FT-IR
measurements. Before testing, the hydrogels with 6, 12 and
24 h irradiation were firstly washed several times with deionized
water to remove the soluble substance, followed by lyophilization
to obtain insoluble residue. As the amount of C—O groups
remained constant in the gelation process, the relative intensity
of other peaks could quantitatively reflect the number variation of
the corresponding functional groups. During the gelation, the
EMA group remained constant while the PEG segment released
from the system. The decreased PEG chains caused the decline
of the total characteristic peak intensity of C-H stretching and
C-O-C stretching in the IR spectra. As shown in Fig. 2A,
the characteristic peak of C-O-C stretching (1114 cm™') with
reference to PEG chains and the relative peak intensity decreased
after 24 h irradiation, indicating the decreased contents of PEG
chains in the crosslinked network. Meanwhile, the decreased
relative peak intensity of C-H stretching (2879 cm™") after 24 h
irradiation could further prove the decreased PEG contents in the
gelation process. Both the reduced characteristic peak of C-O-C

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Images of hydrogel formation under visible light irradiation. (B) The schematic for formation of the crosslinked network.

stretching and C-H stretching strongly suggested our proposed
formation mechanism of a crosslinked network as indicated in
Fig. 1B. Under initial irradiation of visible light, the thiyl radical
transferred from MCA to polymer side chains via thiol-disulfide
exchange reactions, and then initiated the radical-centered
disulfide exchange reactions between intermolecular chains to
form the crosslinking networks. The photoinitiated radical
reaction could be stopped and restarted as needed by turning
off or turning on visible light. Thus, various crosslinking degrees
of hydrogels could be obtained by simply altering the radiation
time. Thus, similar to the UV-triggered hydrogels,*' visible light
could also trigger thiol-disulfide exchange reaction and cause the
rearrangement of disulfide bonds in the gelation system, accom-
panied by detachment of PEG side chains and the formation of
disulfide bond crosslinking points. Meanwhile, the relative peak
intensity of C-O-C and C-H stretching decreased gradually with
the extension of irradiation time (Fig. 2B and C), demonstrating the
controlled crosslinking degree of hydrogels by simply altering their
radiation time. In addition, the appeared peak of N-H stretching
(3426 cm ') from the amino group demonstrated the transfer of
thiyl radicals from MCA to polymer chains. Since hydrogels cannot
be formed without addition of MCA, we inferred that the thiyl
radical of MCA transferred from the photoinitiator system was
required to initiate radical-centered disulfide exchange reactions.*’

In view of the temporal control of the photochemical reaction,
we could handily tune the crosslinking degree of hydrogels by

simply varying the irradiation time, and thereby regulate their
morphology, mechanical properties, swelling ratio, and degradation
rate. As shown in Fig. 3A, the initial hydrogel after 1 h gelation
possessed a smooth structure. However, increasing gelation
time tended to form inhomogeneous hydrogels with the lager
pores of microstructures. Based on this observation, it was
proposed that intramolecular thiol-disulfide exchange reaction
occurred with irradiation time, which limited the formation of
a crosslinked network between polymer backbones and led to
the formation of microstructures as reflected in the appearance
of some nanoaggregates. The increased elastic moduli (G’) and
decreased swelling ratios of hydrogels (Fig. 3B and C) demon-
strated that increasing gelation time and crosslinking degree
could enhance the mechanical strength and reduce swelling
ability. Notably, 24 h irradiation of hydrogels possessed the
mechanical strength with the G’ value of up to 0.04 MPa, which
could be comparable to the UV-triggered hydrogel in our previous
work. This result proved that visible light could effectively trigger
thiol-disulfide exchange and tailor the formation of hydrogels.
The hydrogels could be quickly decomposed due to the
redox response of disulfide bonds, and their degradation rate
was obviously different by changing the irradiation time. As
reflected in Fig. 3D, the loose hydrogel with 2 h irradiation
totally disappeared within 4 h after immersing into reductive
dithiothreitol (DTT) solutions, while the degradation time was
up to 5 days for the hydrogel with 24 h irradiation. Therefore,
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Fig. 2 IR spectra of (A) PEMA-SS-PEG) and its hydrogel with 24 h irradiation; (B) C-O-C stretching and (C) C—H stretching of P(EMA-SS-PEG) (0 h) and
its hydrogels with irradiation of 6, 12 and 24 h. The peak intensity of C—O stretching was constant and served as a reference value.
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Fig. 3 (A) SEM images of hydrogels obtained after visible light irradiation of 2, 6, 12 and 24 h (scale bar = 1 pm). (B) Elastic moduli (G’) of hydrogels with
irradiation times of 1, 2, 4, 6, 12 and 24 h. (C) Swelling ratios of hydrogels with irradiation times of 2, 4, 6, 12 and 24 h. (D) Degradation curves of the
hydrogels with the irradiation times of 2 and 24 h after immersing in the 1 x PBS solution containing 0 and 10 mM of DTT, respectively. (Inset: the

degradation curves of the hydrogels with 2 h).

the morphology, mechanical properties, swelling ratio, and
degradation behaviors of hydrogels could also be well regulated
by simply changing the irradiation time. Meanwhile, this
visible light triggered thiol-disulfide exchange reaction can
be tailored under mild gelation conditions and avoids harsh
pH and UV exposure conditions compared to our previous
studies.*>™"!

Healing of the microcracks is of great importance in improving
the stability and durability of materials in long-term applications,
owing to the inevitable occurrence of microcracks that can lead to
the devastation and failure of materials.*®>" In this work, the self-
healing properties of the disulfide-crosslinked hydrogel coatings
upon micro-scratching through the reformation of disulfide
linkages were investigated in various environments. The prepara-
tion procedures of hydrogel coatings on glass slide surfaces are
shown in Fig. 4A. Under visible light irradiation, the hydrogel
precursor solution of P (EMA-SS-PEG), EY and MCA could form
hydrogel coatings in situ. The hydrophilic property of hydrogel
coating was studied and the result is summarized in Fig. 4B. The
result showed that the hydrogel coating could remain stable after

(A)

Hydrogel precursor solution (B)

preadln

Round substrate Vis-0 min
(d=5 mm) 10 min

Photographmg 35.4° -

Vis-10 min

Fig. 4 (A) Schematic for the fabrication process of hydrogel coatings. (B)
Pictures of water droplets on the coating of hydrogel precursor solution
and the hydrogel coating with 10 min irradiation by marking the corres-
ponding contact angles values.
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immersing in water, proving the formation of a crosslinked
network. In addition, compared to the contact angle of 29.1 °C
for the coating of hydrogel precursor solution, the contact angle of
hydrogel coating with 10 min irradiation slightly increased to
35.4 °C due to the loss of some hydrophilic PEG side chains,
further testifying the formation of hydrogels.

The self-healing ability of the resulting hydrogel coatings
with microscopic scratches (about 25 pm in width) was inves-
tigated in ambient environments by changing their thickness
and crosslinking degrees, and the detailed data are summarized
in Table 1, Fig. S5 (ESIt) and Fig. 5A. For sample 1#-3#, the self-
healing time was reduced evidently with the coating thickness
increasing from 25.2 pm to 66.5 um. For example, sample 1#
could not completely self-healed even after 2 days (Fig. 5A-i),
while only 10 min was required for sample 3# to fully repair the
damage (Fig. 5A-k). The reason may ascribe to that thick coating
was conducive to the material flows between scratches, thus
resulting in rapid self-healing behavior. By changing the gelation
time, hydrogel coatings with different crosslinking degrees
demonstrated the obvious distinguished self-healing properties
(Table 1). As shown in Fig. 5A, compared to 3#, the scratch of 4#
was partially healed even after 20 h when prolonging the gelation
time to 20 min. As crosslinking degree increased, the crosslinked
network became compact to reduce the chain mobility of disulfide
exchange in the self-healing process, resulting in the low healing
rate for 4#. Meanwhile, the thin coating with a longer irradiation
time was not beneficial to the material flows, which affected the
self-healing ability. Therefore, the healing process of hydrogel
coatings could occur spontaneously at ambient temperature with-
out any external stimulus and the healing properties could be well
regulated by the thickness and crosslinking degree of hydrogels.

To investigate the effect of scratch width on self-healing
kinetics, the healing efficiency of hydrogel coatings with three
different scratch widths was estimated based on the decrease in

This journal is © The Royal Society of Chemistry 2022
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Table 1 Self-healing time of hydrogel coatings with various experiment
parameters

Amount of Irradiation Coating Self-healing
Sample solution time thickness time
1# 20 pL 10 min 25.2 pm >2d
2% 30 uL 10 min 50.6 pm 30 min
3# 40 pL 10 min 66.5 pm 10 min
a 40 pL 20 min 55.0 pm >20 h

the area of the scratches over time (Fig. 5B). For the three
samples, all the damaged areas were all fully healed in 2 h with
the healing efficiency of 100%, indicating the rapid healing
behaviors at ambient temperature. The healing time was
calculated to be 5 min for the 6.4 pm wide scratch, 30 min
for the 26.2 pm wide scratch, and 2 h for 119.3 um wide scratch,
suggesting the dependence of self-healing kinetics on the
dimension of scratch.

The self-healing properties of hydrogel coatings with a
scratch width of about 180 um at various temperatures were
monitored by using an optical microscope, and the healing
time was estimated based on the complete disappearance of the
scratches. Fig. 6A shows the self-healing process of hydrogel
coatings in the constant temperature and humidity chamber of
40% relative humidity (RH). The healing time of hydrogel
coatings obviously reduced from 10 h to 2 h with the temperature
increasing from 20 to 35 °C, suggesting the powerful temperature
dependence of self-healing behaviour.

At 20 °C, the scratch was healed partially after 6 h and
completely healed at 48 h. In comparison, the scratch at 35 °C
completely disappeared within 2 h, returning the surface with a
uniform coating. At high temperature, the molecular chains
were more extended, which was conducive to the mobility of the
network between scratches. Meanwhile, the high temperature
enabled the disulfide exchange reaction of the self-healing
process. Both the molecular effect and rapid disulfide exchange
reaction between scratches may lead to the rapid healing
behaviour.

In addition, the self-healing properties of hydrogel coatings
with the scratch width of about 270 pm (Fig. S6, ESIt) and

(A) |
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360 um (Fig. S7, ESIt) at 20-35 °C are evaluated and summar-
ized in Fig. 6B. In different scratch widths, the healing time
possessed the same trend of variability with temperature
increase, further confirming the temperature dependence of
self-healing behaviors. At the same temperature, the scratch
with a larger width size demonstrated the slow healing
behavior, due to the long process of material flows. In particular,
the impact of scratch width on the healing time becomes
increasingly pronounced with lower temperatures. As a result,
the high temperature and the small size of scratches are advan-
tageous to the rapid healing of hydrogel coatings.

The effect of humidity on the self-healing properties of
hydrogel coatings was further studied, and the temperature
was kept at 25 °C in the constant temperature and humidity
chamber during the healing process. As shown in Fig. 7A, the
complete self-healing occurred at 20% RH within 24 h on the
180 pm wide scratch, while at 40% RH, only 6 h was required
for full healing. Upon further increasing the humidity to 80%
RH, the self-healing time reduced to 2 h, indicating the great
influence of humidity on self-healing behaviors. The self-
healing properties of hydrogel coatings with the scratch width
of about 90 um (Fig. S8, ESIt) and 270 um (Fig. S9, ESIt) at
20 °C were also studied, as reflected in Fig. 7B. At the low
humidity of 20% RH and 40% RH, the scratch width had a
significant effect on the healing time. In particular, at 20% RH,
the healing time greatly increased from 3 h to 24 h when the
scratch width increased from 90 um to 180 pum, and the scratch
of 270 pm was only partially healed within 24 h hours. In
comparison, the healing time hardly changed upon increasing
the scratch width at the high humidity of 60% RH and 80% RH.
This may be because high humidity enhanced the swelling
behaviors of the hydrogel coatings, which led to the large
enough volume changes to accelerate the material flows
between scratches and obtain the rapid self-healing behaviors.

To meet the practical demand of self-healing coatings in low
temperature and humidification environments, spraying water
on the coating was used to accelerate the self-healing process.
As shown in Fig. 8A, coatings with a scratch width of 270 pm
could not be fully healed even after 48 h under the conditions

120 |
. W=11.7 ym W=119.4 ym
AT -
1.. W=36.2 pm /l
80 |- /.
[ 4

»
o
T

N
=]
T

Healing effeciency (%)
[~}
o

1 1 1 1 1 1
0 20 40 60 8 100 120
Time (min)

Fig. 5 (A) Microscope images of self-healing in ambient environments for hydrogel coatings with the corresponding experiment parameters in Table 1
(Scratch width: about 25 pum, scale bar: 100 um). (B) Healing curves of hydrogel coatings (3# sample in Table 1) with different scratch widths of 11.7, 36.2

and 119.4 pm.
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Fig. 6 (A) Microscope images of self-healing for hydrogel coatings under the temperature conditions of 20 °C, 25 °C, 30 °C, and 35 °C (scratch width:
about 180 pm, humidity: 40% RH, scale bar: 100 um). (B) Healing curves of hydrogel coatings with various scratch widths in different temperature conditions.
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Fig. 7 (A) Microscope images of self-healing for hydrogel coatings under the humidity conditions of 20%, 40%, 60% and 80% (scratch width: about 180
um, temperature: 25 °C, scale bar: 100 pm). (B) Healing curves of hydrogel coatings with various scratch widths in different humidity conditions.

of 25 °C and 20% RH (Fig. 8A-b). Upon spraying water 5 times observed in Fig. 8A-d, indicating that enough humidity was
and then healing for 1 h, the coatings obviously started healing needed for the full repair. Upon spraying water 10 times, the
(Fig. 8A-c), demonstrating that humidification could signifi- coatings with a scratch width of 360 um could be completely
cantly promote the healing process. After repeating the process, healed in 1 h (Fig. 8B), demonstrating that spraying water was
a completely healed coating with a smooth surface was an effective method to obtain the rapid self-healing properties.

Fig. 8 (A) Microscope images of self-healing for hydrogel coatings with scratch width of about 270 pm (scale bar: 100 um): a-before healing, b-healing
for 48 h, c-spraying water for 5 times and then healing 1 h, d-spraying water for 10 times and then healing 2 h. (B) Microscope images of self-healing for
hydrogel coatings with scratch width of about 360 pm: a-before healing, b-spraying water 10 times and healing 1 h. (C) Microscope images of self-
healing for hydrogel coatings with a scratch width of about 180 pm: a-before healing, b-trace water added and then healing 1 h. Self-healing behaviors
were conducted in the temperature and humidity chamber of 25 °C and 20% RH.
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To simplify the steps, a trace amount of water was dripped onto
the scratch to accelerate the self-healing process, while an
uneven surface was formed due to the excessive swelling
(Fig. 8C). Therefore, spraying water was a suitable way for
self-healing coatings to rapidly heal in low temperature and
dry environments.

Based on the observed healing behavior, a detailed self-
healing mechanism of hydrogel coatings was proposed. After
cutting the hydrogel coating with a certain scratch width, the
coating flowed back to the centre of the scratch due to the
surface tension driven viscoelastic restoration.*®>> When
the scratch surfaces contacted each other, disulfide exchange
reaction occurred to regenerate chemical bonds between
scratch edges and eventually healed the damage.>**

Conclusions

In summary, we demonstrated an effective strategy for the
construction of disulfide-crosslinked hydrogels with adjustable
properties via the visible-triggered thiol-disulfide exchange
reaction under mild gelation conditions. The disulfide-
crosslinked hydrogel coatings possessed a rapid spontaneous
self-healing behavior based on disulfide-disulfide exchange
reactions under mild conditions, with a favorable dependence
on the width of the scratch, temperature, and humidity.
Importantly, spray humidification could obviously accelerate
the self-healing process of large scratches at low temperature
and humidity, which enabled the practical application of
hydrogel coatings in a natural environment.
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