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Self-healing hydrogels have attracted widespread attention due to their excellent biocompatibility,
mechanical properties, and reparability. However, it is still a challenge to construct in one step printable
self-healing tough hydrogels (PSHTHs), which limits their advanced application. Here, we report a photo-
chemically driven dynamic multinetwork formation (PDDMF) strategy for the one-step design of high-
performance multinetwork PSHTHs. Orthogonal ruthenium photochemistry helps in the simultaneous
formation of multiple covalent and dynamic networks in ~10 s. Triple dynamic networks of PSHTHs
improve their mechanical performance and enable them to have excellent self-healing ability. These
reversible hydrogen-bonded and ionically crosslinked networks could be healed in around 3 s after being
destroyed at large shear strains (1000%). Also, PSHTHSs exhibit 90% self-healing efficiency after multiple
instances of mechanical damage and have mechanical performances similar to those of fresh samples.
More importantly, this PDDMF strategy is controlled by simply adjusting the irradiation procedures and is
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compatible with standard extrusion printing technology to make complex 3D structures. As a proof-of-
concept, highly sensitive tubular sensors are designed to detect environmental pressures anisotropically.
It is anticipated that this PDDMF strategy and the as-prepared PSHTHs have potential applications in fabri-
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Introduction

Human skin is a natural barrier that protects the body from
injury, and an organ that senses subtle stimuli from external
environments.' Achieving these functions depends highly on
the skin’s excellent mechanical properties, toughness, and
signal transmission capability. Moreover, human skin can
repair itself rapidly to recover its original functions when
damaged. Such features have inspired the design of various
biomimetic materials that mimic human skin for advanced
applications.**® Among these materials, hydrogels, which are
porous, soft, and have adjustable mechanical properties,'"*?
are readily available to prepare skin-like materials for potentia-
luse in creating bionics,">"* tissue engineering,">™"” wearable
devices,'®*2° etc.

Regarding materials chemistry, the hierarchical epidermis,
dermis, and hypodermis structure gives skin outstanding
deformation, elasticity, and signal transmission properties
over time. Reasonably, constructing multinetwork structures
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cating high-performance self-healing wearable devices, sensors, and bioelectronics.

using hydrogels can mimic these properties to sense or resist
external mechanical deformation.>>* Sequential polymeriz-
ation generally prepares these high-performance hydrogels
with double covalent networks and then post-treatment forms
physically crosslinked networks in polymerized hydrogels.
Contrasting and interpenetrating multinetworks in bulk hydro-
gels can significantly improve their mechanical properties
(including fracture strength, toughness, anti-fatigue, etc.)
through energy dissipation mechanisms.>**” Note that phys-
ically crosslinked networks are reversible and can be recon-
structed after being destroyed by large strains. This recovery
behavior gives hydrogels stable toughness under continuous
large deformations. Moreover, this reversible destruction/con-
struction process helps in designing self-healing hydrogels
that maintain good mechanical performance and function
under harsh conditions and even after damage.*®"** Therefore,
creating multiple dynamic networks in bulk hydrogel is poss-
ible to obtain high-performance skin-like soft materials.
However, tedious multiple steps and long processing times are
still required and limit the preparation of structured hydrogels
using standard lithography and printing techniques. A
straightforward and rapid strategy to design printable tough
and self-healing hydrogels in one step is still an intriguing
goal in this field.***> As such, several issues should be con-
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sidered. First, most polymeric networks in hydrogels must be
reversible, enabling them to have high self-healing efficiency
under mild conditions. Second, multiple networks should be
constructed simultaneously to permit the one-step formation
of these hydrogels. Finally, the manner of the preparation
process must be rapid and controlled to allow for the struc-
tural design of self-healing hydrogels using extrusion 3D-print-
ing technology.

The present work reports a novel strategy of photochemi-
cally driven dynamic multinetwork formation (PDDMF) to
design high-performance printable self-healing tough hydro-
gels (PSHTHs) in one step. The proposed ruthenium photo-
chemistry is highly efficient and can simultaneously trigger
different reactions in one pot for constructing multiple net-
works in seconds, including the radical polymerization of poly-
vinyl alcohol acetoacetate (PVAA), phenolic coupling of Gel-UPy
and in situ release of Ca®* from EDTA-Ca to form an ionic
network with sodium alginate. The dynamic networks in
hydrogels can not only improve their mechanical properties
and energy dissipation but also enable excellent self-healing
ability. Moreover, such a rapid preparation process is compati-
ble with standard extrusion printing technology, making it
possible to create complex 3D resistance sensors. To the best
of our knowledge, this is the first time such a controlled and
rapid strategy has been proposed for preparing PSHTHs with
triple dynamic and self-healing networks.

Results and discussion

To date, many reversible bonds have been used to prepare self-
healing hydrogels with multiple reversible networks.**?%3”
Multiple hydrogen bonds and metal-coordinated bonds are
easily synthesized and, therefore, widely employed to fabricate
high-performance self-healing polymers.*>*%*° However, the
design bottleneck is how to design self-healing hydrogels with
these different dynamic networks in a one-step controlled
fashion. Orthogonal ruthenium photochemistry has been
demonstrated as a powerful one-step strategy for constructing
multiple networks in one hydrogel.*"**> As a typical photo-
chemistry, it enables precise spatial and temporal control of
hydrogel formation compared with thermochemistry.
Therefore, this combined rapid photochemistry reaction and
controlled preparation process benefits complex structure
design through standard lithography and 3D-printing tech-
niques. Moreover, [Ru(bpy);]** molecules are easily excited to
the metal-to-ligand charge transfer (*MLCT) excited state upon
blue-light irradiation. The long-lived *MLCT state (~600 ns)
allows these molecules to efficiently diffuse through solutions
and react with other species.*>** This classic transition metal
complex has high redox potentials and can cyclically catalyze
various reactions when compared with common photo-
initiators or chemicals. The whole process is achieved under
mild conditions that do not require high temperatures, ultra-
violet light or gamma rays, making it safe and biocompati-
ble.*> Based on these considerations, we believe that a new
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straightforward and time-saving method is available for
addressing these issues by combining them with ruthenium
photochemistry.

As shown in Fig. 1a, a PSHTH precursor is composed of
tert-butyl acetoacetate-modified polyvinyl alcohol (PVAA),
2-ureido-4[1H]-pyrimidinone-modified gelatin (Gel-UPy), algi-
nate (ALG), ethylenediaminetetraacetic calcium (EDTA-Ca),
and tris(2,2"-bipyridyl)ruthenium(u) chloride/ammonium per-
sulfate [Ru(u)/APS]. Under the irradiation of blue light
(~452 nm), the Ru(u)/APS triggers three chemical reactions of
phenol and acetoacetate coupling and photorelease of Ca**
from EDTA-Ca (Fig. S11).*>*” The two coupling reactions make
the hydrogel precursor gel in a short time. The released Ca>*
ions promote the formation of physically crosslinked networks
via chelating with a-r-guluronic acid residues in ALG chains.
As a result, three dynamical networks are constructed in
PSHTHSs in one step, which are based on quadruple H-bonds
of UPy, multiple H-bonds of PVAA, and Ca**-crosslinked ALG,
respectively. These multinetworks greatly improve the hydrogel
mechanical performance compared to samples with single net-
works (Fig. 1b). The as-prepared PSHTH is strong, stretchable,
and tough, but others are soft or brittle and cannot resist
cutting treatment. The rapid and controllable preparation
process is highly compatible with 3D extrusion printing to
make hydrogel puzzles (Fig. 1c). Moreover, dynamic networks
in PSHTHs enable them to have a good self-healing property
under mild conditions. These cut pieces could merge after
being rejoined for a predetermined time, and the healed
hydrogel is as stretchable as the original. Thus, it is antici-
pated that this PDDMF strategy based on orthogonal ruthe-
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Fig. 1 Construction of PSHTHs via visible-light orthogonal photochem-
istry design. (a) The proposed schematic illustration for preparing multi-
network self-healing hydrogels. Digital images of (b) PSHTH and hydro-
gels with a single component and (c) self-healing property of 3D printed
PSHTH patterns (scale bar: 1 cm).
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nium photochemistry is a straightforward method to design
high-performance multinetwork self-healing hydrogels.

The chemical mechanism of the PDDMF strategy was sys-
tematically investigated by evaluating the effects of forming
such high-performance hydrogels. The chemical mechanism
of the PDDMF strategy was systematically investigated by evalu-
ating the effects of components on PSHTHSs. It can be seen
from Fig. 2a that PSHTHs are tough and compressible, but the
control samples are plastic or brittle. This result indicates that
PVAA plays a critical role in the ability to form such high-per-
formance hydrogels. First, rheology characterization was used
to monitor the gelation process of PVAA (Fig. S27). The acetoa-
cetate coupling reaction significantly improved its mechanical
property via ruthenium photochemistry. Therefore, the free
tert-butyl acetoacetates (¢-BAAs) were used as model molecules
to further understand the coupling mechanism of PVAA. The
UV-vis spectra in Fig. 2b and Fig. S3t indicate that the charac-
teristic absorption of ¢-BAA keto-enol tautomerism gradually
decreased with increasing irradiation time. The HPLC-MS
characterization revealed that the content of this new sub-
stance also increased with prolonged time, and the corres-
ponding molecular weight was ~337 g mol ™" (Fig. 2c and
Fig. $41).*®*° The NMR spectra showed that another peak at
~4.3 ppm was generated, indicating a new kind of substance
was synthesized after light irradiation. Moreover, a similar
gelation reaction of -BAA-modified PVA was initiated by APS
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Fig. 2 (a) Digital images of PSHTHs (with PVAA), the control samples
without t-BAA residues and PVAA, respectively (scale bar: 1 cm). (b) UV-
vis characterization of the t-BAA solution with different irradiation times.
(c) The HPLC-MS spectra of the resultant solutions (20 min of
irradiation) in (b). (d) Digital images of PVAA gelation with different
initiation methods of PVAA polymerization. (e) Photo-controlled reaction
mechanism diagram of PVAA. (f) Gelation times of PVAA solution with
different contents of t-BAA residues. (g) The rheology and 3D printing
behaviors of PVA and PVAA solutions with external irradiation (scale bar:
5 mm). Effect of a single component on PSHTHs' (h) moduli and gelation
times (G' = G”) and (i) mechanical properties. (j) The effect of com-
ponent concentrations on the critical strain and stress of PSHTHs.
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under heat treatment (Fig. 2d and Fig. S51). Reasonably, we
believe that there is a sulfate radical-mediated reaction among
t-BAA residues via the catalysis of ruthenium photochemistry
(Fig. 2e).°>> Moreover, electron paramagnetic resonance
(EPR) characterization was used to detect the generation of
new radicals in precursor solutions upon light irradiation. The
gradual increase in the intensity of the EPR signals between
3465 and 3555 G with increasing irradiation time indicated
that +-BAAs were oxidized to carbon-centered radicals by the
catalysis of ruthenium photochemistry (Fig. S6t).>*7°
Therefore, the possible reaction mechanism is as follows: APS
is photodegraded into sulfate radicals by reacting with the
excited Ru(i) under light irradiation. These intermediates can
trigger the formation of #-BAA radicals in PVAA. As a result,
PVAA hydrogels are obtained via the coupling reactions of
¢t-BAA radicals. The gelation time (storage modulus (G') = loss
modulus (G")) reduces with increasing grafting ratios of BAA
residues in PVAA (Fig. 2f). The shortest time of 5 s was
observed in the sample with a +-BAA ratio of 7%. Moreover,
this rapid coupling reaction greatly shortened the gelation
time of PSHTHSs from 45 s to 10 s and helped with its struc-
tural design in the extrusion 3D printing process (Fig. 2g). The
PSHTH mesh maintained its predesigned high-resolution mor-
phology, but a poor hydrogel was obtained with the t-BAA-free
sample due to the slow gelation behavior after being extruded
from the nozzle. Also, a comparison of the rheological charac-
terizations revealed that introducing Gel-UPy and ALG shor-
tened the gelation time of PSHTHs due to the phenol coupling
of gelatin (Fig. S7-S91) and Ca®" crosslinking of ALG via such
an orthogonal PDDMF strategy, respectively (Fig. 2h). Fig. 2i
shows that Gel-UPy and ALG obviously improved the mechani-
cal performance of hydrogels due to the formation of double
networks when compared to that of the PVAA hydrogel with a
single network. The combination of Gel-Upy and ALG gives
PSHTHS s the highest critical stress. Meanwhile, the strong mul-
tiple H-bonds of UPy residues endowed the Gel-UPy com-
ponent with good stability at high temperatures and strains
(Fig. S107). The rigid ALG and Gel-UPy networks were interpe-
netrated with the soft PVAA network. The former two could dis-
sipate energy quickly under large mechanical deformation,
while the latter maintained its integrity.>”*® As a result, the as-
prepared PSHTHs were mechanically stable and showed
similar behaviors during tests involving 200 cycles of continu-
ous stretching (200% strain) and compressing (50% strain)
(Fig. S117).

Moreover, the mechanical characterization of PSHTHs was
applied to optimize their preparation conditions (Fig. 2j and
Fig. S127). Thus, if not especially mentioned, all PSHTHs were
prepared under the following conditions: [PVAA] = 10 wt%,
[Gel-UPy] = 5 wt%, [ALG] = 1 wt%, [EDTA-Ca] = 10 mM, [APS] =
60 mM and [Ru(u)] = 26.7 pM.

We found that there was a gel-sol transition at a shear
strain of 950%, as shown in Fig. 3a, which indicated that mul-
tinetworks were destroyed under large deformation. However,
G' and G" of this hydrogel sample changed repeatedly as the
shear strains were alternated between 1 and 1000%. This
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Fig. 3 (a) Shear—stress sweep tests of PSHTHs with strains ranging
from 1 to 1000% and alternate strains of 1% and 1000%, respectively. (b)
The response times to alternate strains of 1% and 1000%. (c) Continuous
cyclic stretching and compressing tests of the original and healed
PSHTHSs. (d—f) Effect of UPy, EDTA-Ca and their specific concentrations
on healing efficiencies. (g) Microscope images of PSHTHs at different
healing times (scale bar: 50 pm). (h) Stress—strain curves of self-healed
hydrogels with different healing temperatures and times. (i) Stress—strain
curves of the original and healed PSHTHs after different healing times.

reversible destroy/recovery behavior was completed within a
short time of 3 s (Fig. 3b). This self-healing behavior could be
observed in each network (Fig. S131). Furthermore, the healed
samples had similar tensile and compression properties as the
original samples after undergoing one hundred cycles of con-
tinuous tests (Fig. 3c and ESI Moviet). These results indicate
that PSHTHs have good self-healing ability under mild con-
ditions due to their multiple dynamic networks. The reversible
H-bonds and metal coordination interaction enabled similar
destruction and recovery behavior (Fig. S14f). All of the cut
specimens were rejoined and healed and could be held using
tweezers. Reasonably, these dynamic networks had noticeable
effects on self-healing efficiencies of PSHTHs. The lack of
quadruple H-bonds or metal-coordination interaction reduced
the maximum stress and critical strains of the self-healed
samples (Fig. 3d). But the higher content of UPy residues in
Gel resulted in lower self-healing properties due to their rigid
and poor mobility (Fig. 3e). The efficiency was reduced from
>90% to ~40% when increasing the UPy content from 1 wt%
to 5 wt%. As for Ca®" ions, it was found that the self-healing
efficiency was improved by increasing the content of EDTA-Ca
in hydrogel precursors. Long healing times were helpful for
the full diffusion of free Ca*" and chelation with ALG in
PSHTHs (Fig. 3f and Fig. S151).>° Therefore, we observed an
almost five-fold increase in the efficiency when the healing
time was prolonged to 60 min, even when the content of
EDTA-Ca (5 mM) was low. The direct microscope observation
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also strongly confirmed this self-healing process; the size of
the destroyed area decreased with increasing healing times.
No obvious cutting trace was observed after 60 min of healing
treatment (Fig. 3g). Moreover, increasing the self-healing
temperature could accelerate the mobility of UPy residues,
PVAA chains, and Ca®" ions, leading to an increase in the self-
healing efficiency of PSHTHs.>® The comparison in Fig. 3h
shows that the specific efficiency was only 36% when the
control sample was healed at room temperature. Due to their
excellent self-healing performance, PSHTHs exhibited similar
self-healing efficiencies even after being subjected to eight
rounds of cutting/healing treatment (Fig. 3i).

Besides the rapid gelation and self-healing property, Fig. 4a
shows that the PDDMF strategy provides excellent controllabil-
ity in PSHTH preparation. The storage moduli were effectively
adjusted by treating the sample with interval irradiation in a
spatial way. Thus, tubular PSHTHs were successfully made by
combining this new PDDMF strategy and coaxial extrusion
printing technique (Fig. 4b).*” The precursor was extruded
from nozzles (18G/12G) and exposed to visible light irradiation
immediately, and the outer PSHTHs could seal the inner guest
materials (e.g., ethylene glycol). After dissolving, one-meter
tubular PSHTH was obtained by continuously spinning 10 mL
of the precursor from syringes (Fig. 4c). The structures of
PSHTH tubes were easily regulated by simply controlling the
applied air pressure. In addition, these tubes were self-healed
as bulk samples and readily available for loading liquid sub-
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Fig. 4 (a) In situ rheology characterization (G') of hydrogel precursors
under intermittent light irradiation. (b) Schematic illustration of fabricat-
ing hydrogel tubes using a coaxial extrusion printing technique. (c) The
digital images of the as-prepared tubular PSHTHs. (d) Resistance
changes of PSHTH sheets and tubes under different strains. (e)
Resistance changes of the original and healed hydrogel tubes under
different strains. (f) Resistance changes of hydrogel tubes under 50%
strain and 20% compression with different diameters. Resistance
changes of hydrogel tubes under different (g) states and (h) volumes (d
=1 mm). (i) Relationship between responsivity, volume, and diameter (d
=1mm).
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stances (Fig. 4c and Fig. S167). Specifically, the 3D structural
design enhanced the resistance sensitivity, i.e., (R — Ry)/Ry, of
hydrogel tubes compared with the sheet sample due to greater
deformation under the same tensile strain (Fig. 4d). Their sen-
sitivity and conductivity performances were immediately
restored when the tube was cut and healed (Fig. 4e). Also, it
was found that these tubular PSHTHs had obvious anisotropic
properties of resistance sensitivity in different deformation
directions. The stretching sensitivity increased, but the com-
pressing sensitivity decreased with increasing tube diameters
(Fig. 4f). Furthermore, the sensitivity was improved by encap-
sulating hydrophobic silicone oil to regulate the PSHTH dia-
meters (Fig. 4g). The specific values increased linearly with
increasing oil volumes (Fig. 4h and 4i).

Conclusion

In summary, we report a straightforward and rapid PDDMF
strategy to prepare PSHTHs in one step by combining orthog-
onal ruthenium photochemistry with rational structure design.
These dynamic hydrogel networks significantly improve their
mechanical performance and give them excellent self-healing
properties. This PDDMF strategy is compatible with standard
printing techniques and is applied to produce PSHTH sensors,
which can differentiate deformation in different directions.
Compared with other approaches, this PDDMF strategy has the
following advantages. First, reversible H-bonds and Ca**-ALG
interaction are successfully adopted to construct dynamic net-
works in hydrogels. Thus, typically reversible host-guest,
electrostatic, hydrogen-bonding, and metal-coordinated inter-
actions are also applicable for the preparation of versatile self-
healing tough hydrogels with multinetworks via a similar strat-
egy. Second, this rapid and controllable strategy is compatible
with extrusion printing to make high-performance PSHTH
tubes. Therefore, it could also be combined with typical photo-
lithography, screen printing, and injection printing
approaches for designing complex PSHTH patterns and struc-
tures. Third, the as-prepared PSHTHs are self-healing and sen-
sitive to external change, which suggest applications for fabri-
cating advanced self-healing devices and electronics. On the
basis of these discussions, it is expected that this time-saving
and facile strategy and the as-prepared PSHTHs will provide
promising applications in the fields of biology, engineering,
and materials chemistry.

Experimental

Materials

Tris(bipyridine)ruthenium(u) chloride [Ru(u), ACROS], polyvi-
nyl alcohol [PVA, M, ~145000 g mol™", Aladdin], tert-butyl
acetoacetate (¢-BAA, 99%), guanidine carbonate, ethyl acetoace-
tate, hexamethylene diisocyanate, sodium alginate (180947,
G/M = 1.02, Sigma-Aldrich), gelatin (Type A, ~300 g bloom
from porcine skin, Sigma-Aldrich), polyquaternium-10 (JR-400,
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1.6-2.1 N%), and other chemicals (Sinopharm Chemical
Reagent Co. Ltd) were bought and used without further purifi-
cation. Acetoacetate-modified PVA (PVAA), 2-amino-4-hydroxy-
6-methylpyrimidine (UPy), 2(6-isocyanatohexylaminocarbonyl-
amino)-6-methyl-4[1H]-pyrimidinone(UPy-NCO), and Gel-UPy
were synthesized according to the reported methods,
respectively.>*¢°

Synthesis of -BAA dimer

t-BAA (0.316 M), Ru(u) (0.316 mM), and APS (0.316 M) were dis-
solved in 5 mL of DMSO. After being exposed to blue light at
predetermined times, the products were purified by multiple
hexane extractions and then dried in a vacuum for 6 h.

Fabrication of PSHTHs

In a typical fabricating process, 1 g of PVAA was fully dissolved
in 10 mL of a mixed solution of DI water via rapid stirring at
70 °C. Different amounts of ALG, EDTA-Ca, and Gel-UPy (dis-
solved in 0.5 mL of DMSO) were then added, followed by mag-
netic stirring for 30 min at 50 °C until a homogeneous solu-
tion was achieved. After being cooled to room temperature, the
catalyst of Ru(u) and APS was then added according to a pre-
determined concentration. The hydrogel precursor was finally
obtained after completely dissolving the catalyst via magnetic
stirring for ~5 min at room temperature. It should be noted
that the whole process for the preparation of the precursor
must proceed in a sealed container to prevent water evapor-
ation. After degassing the precursor in a centrifuge at a rotat-
ing speed of 8000 rpm, it was cast into a Teflon mold to form
PSHTHSs by exposure to visible light.

3D printing of PSHTHs and fabrication of tubular hydrogels

3D printing of PSHTHs was basically conducted on a custom-
designed 3D printer with a nozzle of 390 pm (22 G), a printing
speed of 10 mm min~", and an applied pressure of around 0.2
MPa. All 3D structures are designed using Sketchup software.
During the 3D-printing process, the prefabricated precursor
was first mixed with a small amount (2 wt%) of hydroxyethyl-
cellulose (Q10) to acquire suitable printing viscosity. The pre-
cursor was then put into a 10 mL syringe with a nozzle of the
desired diameter after being degassed in the centrifuge at
8000 rpm. Next, the syringe was connected to the pressure
supply and mounted on the head of the robot. PSHTH-based
structures could be obtained by accurate control of the applied
pressure, moving direction, and velocity of the robot with
visible light irradiation. When fabricating the hydrogel tube, a
coaxial nozzle (16G/12G) was used, and a highly viscoelastic
aqueous ink of Q10 (10 wt%) was used as the sacrificial flow in
the inner channel.

UV-vis spectroscopy testing

Ultraviolet spectra (PRESSE, TU-1810) were recorded to
monitor the real-time polymerization of ¢-BAA under visible
light (452 nm). The scan was performed every 90 s.
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HPLC-MS testing

HPLC-MS analysis of the t-BAA dimer was performed using an
Agilent Triple quadrupole mass spectrometer 6460 equipped
with a C18 gravity column. The solvent is methanol.

Rheology testing

The gelation process of the hydrogel precursor under blue
light was evaluated using a rotational rheometer (Anton Paar
MCR302) assembled with optical modules and a 20 mm dia-
meter steel parallel-plate geometry. The testing was conducted
at room temperature with a strain of 1% at 10 Hz. Rheological
characterization was performed after 1 min of equilibration.

Mechanical property testing

The mechanical tests of PSHTHs (10 mm x 50 mm x 1 mm)
were performed on a tensile clamp (MTS, Insight 50) at a
speed of 20 mm min~" at room temperature.

Conductivity measurement

The sensitivity of PSHTHs was measured by a two-probe
testing assembly with a digital multimeter (Keithley, 6517B).
Three samples were tested for each composition. The sensi-
tivity of the healed sample was measured after the hydrogel
tubes were cut and spliced together and heated at 50 °C for
1 h. A hydrogel tube was filled with liquid and sealed with the
precursor after illuminating.
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