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Stimuli-responsive hydrogels with programmable shape changes are
promising materials for soft robots, four-dimensional printing, biomedical

devices and artificial intelligence systems. However, these applications
require the fabrication of hydrogels with complex, heterogeneous and
reconfigurable structures and customizable functions. Here we report
the fabrication of hydrogel assemblies with these features by reversibly
gluing hydrogel units using a photocontrolled metallopolymer adhesive.
The metallopolymer adhesive firmly attached individual hydrogel units via
metal-ligand coordination and polymer chain entanglement. Hydrogel
assemblies containing temperature- and pH-responsive hydrogel units
showed controllable shape changes and motions in response to these
external stimuli. To reconfigure their structures, the hydrogel assemblies
were disassembled by irradiating the metallopolymer adhesive with
light; the disassembled hydrogel units were then reassembled using the
metallopolymer adhesive with heating. The shape change and structure

reconfiguration abilities allow us to reprogramme the functions of hydrogel
assemblies. The development of reconfigurable hydrogel assemblies using
reversible adhesives provides a strategy for designing intelligent materials

and soft robots with user-defined functions.

Science fiction has inspired the development of intelligent materials
that can change shape and undergo structure reconfiguration and
functional reprogramming in response to external stimuli. Intelligent
materials are applicable to soft robots', four-dimensional printing*?,
biomedical devices®’, sensors® and energy harvesters’. Responsive
hydrogels areatype of intelligent materials that have been extensively
investigated'’'®. They are active and dynamic networks swollen by
water that exhibit volume changes via swelling or shrinkage under
the control of pH", temperature’®, light'>**~?' and so on**. Respon-
sive hydrogels with homogeneous structures undergo only simple
expansion/contraction, which limits their applications'*. To endow

themwithadvanced shape change abilities, responsive hydrogels with
complex and heterogeneous structures have been fabricated using pho-
tolithography?, three-dimensional printing’ and other techniques'®*.
Theseresponsive hydrogels displayed various motions, such as bend-
ing, winding, rotation, folding and walking®?¢. To develop intelligent
materials using responsive hydrogels, the next challenge is to endow
responsive hydrogels with reconfigurable structures and reprogram-
mable functions. However, the complex and heterogeneous structures
inresponsive hydrogels are usually linked by covalent bonds, which
hinder the reconfiguration of their structures and reprogramming of
their functions®'.
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Fig.1|Reversible metal-ligand coordination for photocontrolled
metallopolymer adhesives. a, Schematic illustration of using the
photocontrolled metallopolymer adhesive to reversibly glue hydrogels I and II.
b, Reversible coordination of the Ru complex (Ru-H,0) and the ligand (SL) upon
heating and light irradiation. The counterion of Ru-H,0 is PF,". ¢,'"H NMR spectra
of Ru-H,0 (4.36 mM) and SL (43.6 mM) in D,0O before heating, after heating for 15

and 30 minat 70 °C, after light irradiation for 15 min (470 nm, 60 mW cm™), and
after heating again for 30 min at 70 °C. d, UV-vis absorption spectra of Ru-H,0
(0.1mM) and SL (1.0 mM) in water before and after heating for 2 h at 70 °C, after
light irradiation for 6 min (470 nm, 60 mW cm), and after heating again for2 h
at70°C. e, Absorption changes of the mixture of Ru-H,0 and SL in water with
alternating heating/light irradiation cycles.

Apromising approach toaddress this challenge involves reversibly
gluing complex and heterogeneous structures of responsive hydrogels
using switchable adhesives. Previous studies have shown that the
design of adhesives for wet surfaces of hydrogelsis a difficult yetimpor-
tant task”, and the development of reversible adhesives for hydrogels is
evenmore challenging. Although some mussel-inspired adhesives and
supramolecular adhesives can reversibly glue wet surfaces of hydro-
gels®™!, the use of reversible adhesives to construct reconfigurable
hydrogel assemblies is still difficult. This is because ideal reversible
adhesives must exhibit strong adhesion to wet surfaces, adapt toshape
changes of hydrogels and tolerate external stimuli (for example, pH or
temperature) for hydrogel actuation. However, the design of revers-
ible adhesives for hydrogels, which are tolerant to external stimuliand
shape changes, poses a challenge. It is desirable to develop advanced
adhesives for reversibly gluing intelligent hydrogels.

In this Article, we report the fabrication of reconfigurable
hydrogel assemblies with reprogrammable functions by reversibly
gluing hydrogel units with a metallopolymer adhesive (Fig. 1a,b).

The metallopolymer adhesive is amixture of a Ru-containing polymer
and athioether-containing polymer in water. We designed these poly-
mers because some Rucomplexes and (thioether) ligands coordinate
and dissociate reversibly via thermal and photochemical reactions,
respectively®>°. In contrast to the reported reversible adhesives
based on mussel-inspired chemistry and supramolecularinteractions,
reversible adhesives using photocontrolled Ru-ligand coordina-
tion have not been investigated. In this work, the metallopolymer
adhesive, which contains Ru-S coordination bonds that serve as
reversible crosslinks, was used to reversibly glue hydrogel units upon
heating and lightirradiation (Fig. 1a,b). To reconfigure the glued gel
assembly, lightirradiationis applied, whichinduces de-adhesion; the
hydrogel units are then separated and can be reused to construct new
hydrogel assemblies. The key to designing such hydrogel assemblies
isthe entanglement/interpenetration of the metallopolymer with the
hydrogel. Moreover, the metallopolymer adhesive is a hydrogel that
can adapt to the actuation and shape changes of the assembly. Our
work demonstrates an approach to fabricate intelligent materials
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with complex, heterogeneous and reconfigurable structures and
reprogrammable functions.

Results and discussion

Reversible Ru-S coordination

To demonstrate reversible Ru-S coordination, we synthesized Ru
complexes (Ru-H,0 and Ru-SL) and a thioether ligand (SL) as model
compounds (Fig.1b and Supplementary Figs.1-19). We studied revers-
ible Ru-S coordination using'H nuclear magnetic resonance ("HNMR)
spectroscopy (Fig. 1c). When the mixture of Ru-H,0 (4.36 mM) and SL
(43.6 mM) in D,0 was heated to 70 °C for 30 min, the signal from Ru-H,0
at 9.50 ppm disappeared, and a new signal from Ru-SL at 9.76 ppm
appeared. This result suggests that SL coordinated with the Ru cen-
tre. Then, the Ru-SL solution was irradiated with blue light (470 nm,
60 mW cm?) for 15 min. The signal at 9.76 ppm notably increased, and
the signal at 9.50 ppm greatly decreased, which indicated that most
Ru-SL was hydrolysed to form Ru-H,0 upon light irradiation. The 'H
NMR datashowed that Ru-SL reformed when the sample was heated to
70 °Cfor30 min. Thus, Ru-S coordination was reversible upon heating
and lightirradiation.

We also studied Ru-S coordination using ultraviolet-visible
(UV-vis) absorption spectroscopy (Fig. 1d). Initially, the absorption
maximum for the mixture of Ru-H,0 and SL was at 476 nm. This was
attributed to the metal-to-ligand charge transfer band of Ru-H,O
(Supplementary Fig.10). When the mixture was heatedto 70 °Cfor2 h,
the absorption maximum shifted to 452 nm, which was the same as that
of pure Ru-SL (Supplementary Fig. 19). These results showed that SL
coordinated with the Ru centre upon heating. Then, the sample was
irradiated with blue light (470 nm, 60 mW/cm?) for 6 min. The absorp-
tionbandreverted to theinitial state, which suggested that Ru-SL was
hydrolysed to form Ru-H,O upon light irradiation. Subsequently, the
sample was heated againat 70 °Cfor 2 h, and its absorption maximum
reverted to 452 nm. The formation and dissociation of the Ru-S coor-
dination bond was cycled four times (Fig. 1e), which revealed that the
Ru-S coordination was reversible. Different from conventional supra-
molecularinteractions or host-guestinteractions, the Ru-S coordina-
tion did not dissociate upon dilution (Supplementary Fig. 20), which
revealed that the Ru-S coordinationis astable yet reversible bond.

Reversible adhesives for hydrogels

To prepare reversible adhesives based on Ru-S coordination, we syn-
thesized a Ru-containing polymer (P-Ru) and a thioether-containing
polymer (P-S) (Fig. 2a and Supplementary Figs. 21-41). P-Ru and P-S
were water soluble, and gelation occurred when the mixture of P-Ru
(1wt%) and P-S (1 wt%) in water was heated to 70 °C (Fig. 2b and Sup-
plementary Fig. 45).'"H NMR spectroscopy showed that the gelation
was attributable to crosslinking via Ru-S coordination (Supplementary
Fig.46).Irradiating the P-Ru/P-S gel with blue light induced a gel-to-sol
transition dueto light-induced dissociation of Ru-Sbonds (Fig. 2b and
Supplementary Fig. 46). The sol-gel transitions upon heating and light
irradiation were reversible.

To demonstrate that the P-Ru/P-S mixture canbe used as arevers-
ibleadhesive, we glued two P1gels (cross-linked N-hydroxyethyl acryla-
mide) together (Fig. 2c). To glue the P1 gels, P-Ru/P-S sol (6 wt%) was
placed between the gels and heated to 70 °C. Heating induced the
sol-to-gel transition (Fig. 2d). To separate the glued P1gels, light irra-
diation was applied to induce a gel-to-sol transition. The separated
P1gels were readhered by adding P-Ru/P-S sol and heating. Control
experiments showed that P1gels could not be glued using P-Ru or P-S
alone (Supplementary Fig. 47), which demonstrated that the sol-gel
transition of P-Ru/P-S is essential for adhesion.

We quantified the adhesion of P-Ru/P-S adhesives to P1 gels via
lap shear tests (Fig. 2e and Supplementary Figs. 48-51). The adhe-
sion strength of P1 gels glued by P-Ru/P-S (6 wt%) was 1.18 kPa. Light
irradiation induced a gel-to-sol transition, and the adhesion strength

decreased to almost zero. Thus, P1gels could be separated after light
irradiation. Subsequently, the separated P1gels were readhered using
P-Ru/P-S upon heating. The readhered sample had almost the same
adhesion strength as theinitial sample.

To understand why the P-Ru/P-S adhesive exhibited strong yet
reversible adhesion to P1 gels, the morphologies at the junctions of
two P1 gels glued by a P-Ru/P-S adhesive were studied using scanning
electron microscopy (SEM) (Fig. 2f-h). Both P1 and P-Ru/P-S formed
porous gel networks (Supplementary Fig. 52). The average pore diam-
eter of the P-Ru/P-S gel was approximately three times larger than that
of the P1gel. For the adhered and readhered samples, some network
structures with both smalland large pores overlapped at the junctions
oftheP1and P-Ru/P-S gels (Fig. 2f,h), which indicated that the networks
of P1and P-Ru/P-Sinterpenetrated with each other. For the sample after
light irradiation, the P-Ru/P-S network disappeared (Fig. 2g), which
resulted in de-adhesion.

To characterize the structures at the junctions of P1and P-Ru/P-S,
energy-dispersive spectroscopy (EDS) of SEM was used. The signals of
SinP-Sand Ruin P-Ruwere measured to show the distributions of P-S
and P-Ru. The EDS datashowed that the contents of Sin a P-Ru/P-S-rich
region (region 1), junctional region (region 2) and P1-rich region (region
3) were 0.40%, 0.19% and 0.13%, respectively (Fig. 3a,b). These data
showed that P-S penetratedinto P1.EDS also detected Ruin these three
regions (Supplementary Fig.53). However, the contents of Rumeasured
by EDS were lower than 0.1%, which is the lower limit for quantitative
analysis. The contents of Ruwere lower than those of Sbecause theratio
of Ru/Sin P-Ru/P-Swas 4.7/21. To further investigate the distribution of
P-Ru, we used the Raman mapping technique, whichis described below.

P-Ru/P-S showed strong Raman signals. The C-Cand C=Nsstretch-
ing vibrations of the polypyridine skeleton of P-Ru were at 1,480,
1,544 and 1,600 cm™, and the C-S-C stretching vibration of P-S was at
661 cm™ (Supplementary Fig. 54). The P1gel did not have any charac-
teristic peak in the Raman spectrum (Supplementary Fig. 55). Raman
maps at the junctions of two P1gels glued by a P-Ru/P-S adhesive were
obtained by scanninga100 pm? x 100 pm?*region using afocused laser
beamwith a diameter of -2 um (Fig. 3c-e and Supplementary Fig. 56).
Although the Raman signals of P-Ru/P-S decreased as the laser focus
moved from the P-Ru/P-S-rich region to the P1-rich region, P-Ru/P-S
wasdetectedinthe P1-richregion. These results showed that P-Ru/P-S
interpenetrated with P1.

To understand the mechanism for the formation of the inter-
penetration network, we synthesized fluorescently labelled P-S (Sup-
plementary Figs. 42-44) and studied its diffusion using fluorescence
correlationspectroscopy (FCS). AP1gelwas placedinasample cell that
contained an aqueous solution of fluorescently labelled P-S (10 nM).
Alayer of aqueous solution remained between the P1gel and the cov-
erslip at the bottom of the sample cell. The sample cell was placed on
top of the objective of the inverted confocal microscope (Fig. 3f). The
fluorescence intensity along the perpendicular direction was scanned
(Fig. 3g). The appearance of fluorescence in the P1 gel suggested that
some fluorescently labelled P-S diffused from the water phase into
the P1gel. Next, FCSautocorrelation curves wererecorded inboth the
water phase and the P1gel (Fig. 3h) and fitted using Supplementary
Equation1. The diffusion coefficients of the fluorescently labelled P-S
inwater and the P1gelwere1.3 x10"°and 0.9 x 10 m?s™, respectively.
ThePlgel caused a31% slowdown of the diffusion, whichindicated that
the network of the P1 gel hindered the diffusion of the fluorescently
labelled P-S. Because the decrease of the diffusion coefficient was not
large, the fluorescently labelled P-S can still penetrate into the P1gel.

To provide molecular-level insight into the interpenetration, we
performed computer simulations (Supplementary Figs. 57-61). Ini-
tially, P-Ru and P-S out of the P1 gel diffused freely. After diffusion
for a few nanoseconds, P-S and P-Ru came into contact with P1, and
hydrogen bonds between P1 and P-Ru/P-S were formed. Although
steric hindrance and hydrogen bonding slowed their diffusion, P-Sand
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Fig.2|Reversible adhesion of P1gels based onreversible sol-gel transitions
of the P-Ru/P-S adhesive. a, Chemical structures of P-Ru (x/y = 95.3/4.7, number
average molecular weight M, =16.4 kg mol™ and polydispersity index PDI 0f 2.91)
and P-S (m/n=79/21,M,=14.9 kg mol™ and PDI of 1.35). The counterion of P-Ru

is CI". b, Schematic and photos of reversible sol-gel transitions of P-Ru/P-S on
heating and light irradiation. ¢, Schematicillustration of reversibly adhering two
P1gels using the P-Ru/P-S adhesive. d, Photos showing reversible adhesion of two
P1gels using the P-Ru/P-S adhesive. Scale bars, 10 mm. e, Adhesion strength of

adhered P1gels beforeirradiation, after light irradiation and after subsequent
readhesion. The adhesion measurements were conducted after the samples were
immersed in water for 24 h. f-h, SEM images at the junctions of two adhered P1
gels beforeirradiation (f), after light irradiation (g) and after readhesion (h). The
P1-rich and P-Ru/P-S-rich networks are indicated by the white and yellow frames in
f, respectively. The interpenetrating networks, which show mixed morphologies
of P1and P-Ru/P-S, areindicated using the red arrowsinf.
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Fig.3 | Characterization of the interpenetrating network and the mechanism
forits formation. a, SEM image at the junctions of two P1gels glued by a P-Ru/P-S
adhesive. The P-Ru/P-S-rich region, junctional region and P1-rich region are
labelled with1,2 and 3, respectively. b, EDS data of regions 1,2 and 3. The contents
of Satomsin these regions are 0.40%, 0.19% and 0.13%, respectively. c-e, Raman
mapping at the junctions of two P1gels glued by a P-Ru/P-S adhesive based on the
Raman signals at 1,480 cm™ (c¢) and 661 cm™ (d) and Raman spectra at different
areas in the Raman maps (e). The areas highlighted by coloured boxesincand d

correspond to the signalsin e.f, Scheme for the FCS experiment. The distribution
of the fluorescently labelled P-S along the Zdirection was scanned by adjusting
the distance between the sample and the objective. g, Fluorescence intensity
along the Zdirection. h, Normalized fluorescence intensity autocorrelation
functions G(7) recorded for the fluorescently labelled P-S in a P1gel (red circles)
and in the water phase (black squares). The solid lines represent the fittings with
Supplementary Equation 1.

P-Rustill penetrated into the P1gel because P1is porous and hydrogen
bonds are dynamic, which could break and reconfigure. The computer
simulationrevealed that P-Ruand P-S penetrated into the P1gel viafree
diffusion and diffusion under steric hindrance and hydrogenbonding
reconfiguration.

To study the effects of interpenetration on adhesion, we per-
formed control experiments by replacing P1gels with polyethylene
and Teflon substrates (Supplementary Fig. 62). Because polyeth-
ylene and Teflon substrates are hydrophobic and water insoluble,
the aqueous solutions of the adhesive cannot penetrate into them.
The adhesion energy of P-Ru/P-S-glued P1 gels is more than 375%
of that of P-Ru/P-S-glued polyethylene or Teflon substrates, which

suggested that the interpenetration of P-Ru/P-S with P1 enhanced
the adhesion.

Hydrogel actuators assembled by the reversible adhesive
Importantly, the P-Ru/P-S adhesive is tolerant to temperature and
pH, both of which are frequently used stimuli for hydrogel actua-
tion. After the P1gels, glued with a P-Ru/P-S adhesive, were treated
at different temperatures (25 °C and 70 °C) and pH values (4, 7 and
10) for 24 h, the adhesion strength did not change (Supplemen-
tary Fig. 63). This environmental tolerance enabled the fabrication
of responsive hydrogel actuators using the P-Ru/P-S adhesive, as
described below.
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Fig. 4| Preparation and actuation of responsive hydrogel assemblies.

a, Schematic showing preparation of responsive hydrogel assemblies using
P-Ru/P-S as an adhesive and shape changes of the hydrogel assemblies actuated
by temperature or pH. b, Reversible bending of a P1/P2 gel assembly at different
temperatures. The bending angles were measured afterimmersing the gelin
water at 25 °Cor 70 °C for 1 h. ¢, Reversible bending of a P1/P3 gel assembly at

different pH values. The bending angles were measured afterimmersing the gel
inanaqueous solution with pH 4 or 10 for 30 min. d, Photos of a butterfly-shaped
P1/P2 gel assembly at different temperatures. e, Photos of a hand-shaped

P1/P3 gel assembly at different pH values. f, Reversible detachment and adhesion
of some arms of a five-arm P1/P3 gel assembly and shape changes of the gel
assembly at different pH values. Scale bars, 5 mm.
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hydrogel units can be glued using the P-Ru/P-S adhesive to form assembly 1.
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the gate. Theinset of c2 shows that the flattened robot passed the gate. Scale bar:
20 mm. d, P1/P3/P4 robot under the action of a magnetic field (d1 and d2). After
lightirradiation, the P1/P3 gels and P4 gel were separated (d3 and d4). Scale bar,
Smm.

To prepareresponsive hydrogel actuators, we used the P1gel, ther-
moresponsive P2 gel, and pH-responsive P3 gel as units (Fig. 4a). P1/P2
gel assemblies and P1/P3 gel assemblies were fabricated by gluing the
corresponding gels using the P-Ru/P-S adhesive. The P1gel wasinert to
temperature or pH change. The P2 gel swelled and shrank upon heating
to 70 °Cand cooling to 25 °Cbecause of the hydration and dehydration
of the zwitterionic moiety (Supplementary Fig. 64). Therefore, the
P1/P2 gel assembly reversibly bent and unbent upon cooling and heat-
ing (Fig. 4b). We prepared a butterfly-shaped P1/P2 assembly, which
beatits wings viatemperature actuation (Fig. 4d).

Wealso prepared pH-actuated P1/P3 gel assemblies (Fig. 4c,e). The
P3gelswelled at pH10 and shrank at pH 4 because of the deprotonation
and protonation of the acrylic acid moiety (Supplementary Fig. 65).
Thus, pH changes induced bending/unbending of a rectangular P1/P3

gel assembly and triggered opening/closing of a hand-shaped P1/P3
gel assembly (Fig. 4c,e). Bending and unbending were fully reversible
for atleast ten cycles (Fig. 4c). This observation demonstrated that the
P-Ru/P-Sadhesive glued pH-responsive hydrogel was firmly assembled,
evenunder large shape changes. Lap shear measurements showed that
the P1/P2 gel assembly and P1/P3 gel assembly were glued firmly even
after ten bending/unbending cycles (Supplementary Figs. 66 and 67).
Weinterpret that the strong adhesionis attributed to the following rea-
sons: (1) Ru-S coordination and polymer chain entanglement cooperate
(Fig.3); (2) the adhesion of P-Ru/P-Sisindependent of pH and tempera-
ture (Supplementary Fig. 63); and (3) the P-Ru/P-S adhesiveis ahydrogel
that can change shape and maintain its integrated network structure
during swelling and shrinkage (Supplementary Fig. 68). Thus, the
P-Ru/P-S adhesive can adapt to the shape changes of the gel assemblies.
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To verify that the P-Ru/P-S adhesive is strong yet reversible, we
prepared afive-arm P1/P3 gel assembly using the adhesive (Fig. 4f). The
gel assembly showed reversible shape changes when varying the pH
(Fig.4f,fland f4). Toillustrate the advantage of light and its high spatial
resolution, some of the adhered arms were selectively detached via
lightirradiation (Figs. 4f, f2and f3), and the gel assembly was changed
to different shapes via pH activation. The detached arms could be
readhered to formtheinitial five-arm structure (Fig. 4f, f4).

Reconfigurable hydrogel assemblies with customized shapes
The reversible P-Ru/P-S adhesive enables the fabrication of reconfig-
urable hydrogel assemblies with reprogrammable shape changes. We
prepared assembly 1 with complex and heterogeneous structures by
gluing aP1gel, two P2 gelsand two P3 gels together (Fig. 5a). Assembly
1changed into four shapes at different temperatures and pH values
(Fig. 5b, first column). Moreover, the structure of assembly 1 could
be reconfigured by light-induced detachment and readhesion using
the P-Ru/P-S adhesive. Therefore, we prepared assemblies 2,3 and 4
via reconfiguration using the same hydrogel units. Each gel assem-
bly changed into four shapes upon pH and temperature stimulation
(Fig. 5b). These hydrogel assemblies are intelligent multishape
transformers. The results showed that the use of the reversible met-
allopolymer adhesive is a strategy for the preparation of complex,
heterogeneous and reconfigurable hydrogel assemblies with repro-
grammable actuation functions.

Soft robot based on hydrogel assemblies for maze navigation
We fabricated a soft robot with complex and heterogeneous structures
by gluing a non-responsive P1 gel, a pH-responsive P3 gel and a mag-
netic particle-containing P4 gel using the P-Ru/P-S adhesive (Fig. 6a).
The P4 gel contained magnetic Ni particles so that it could move in a
magnetic field. The P1/P3/P4 robot was firmly glued using the P-Ru/P-S
adhesive. Thus, the P1and P3 units followed the movement of the P4
unitin amagnetic field (Supplementary Movie1).

The P1/P3/P4 robot could go through a maze under the stimula-
tion of pH and amagneticfield (Supplementary Movie 2). At pH10, the
robot was too tall to pass through Gate 1 (Fig. 6b,c, b2 and c1). When
the pH was adjusted to 4, the robot became flat and passed through
gate 1under the guidance of a magnetic field (Figs. 6b,c, b2 and c2).
However, the flattened robot could not pass through Gate 2 (Fig. 6b,
bl). Therefore, the robot was reshaped by changing the pH to 10, and
it passed through gate 2 under the guidance of a magnetic field (Figs.
6b,c,bland c3).Insimilar ways, the robot went through the additional
gates and tortuous path of the maze (Fig. 6¢, c4 and c5).

Todemonstrate that the robot is reconfigurable, the P1/P3 gels and
P4 gel were separated vialightirradiation (Fig. 6d and Supplementary
Movie 3). The P1/P3 gels were reused as an actuator, whichis the same as
theactuator demonstrated in Fig. 4f. The P4 gel was reused by gluing it
toafive-arm P1/P2 assembly to prepare a P1/P2/P4 robot (Supplemen-
tary Fig. 69 and Supplementary Movie 4). Because P2 was thermore-
sponsive and P4 was a magnetic particle-containing gel, the P1/P2/P4
robot passed through a maze under the control of temperature and a
magnetic field (Supplementary Fig. 69 and Supplementary Movie 5).

Conclusion

Inconclusion, we have demonstrated the fabrication of complex, het-
erogeneous, multiresponsive hydrogel assemblies with reconfigur-
able structures and reprogrammable functions by reversibly gluing
hydrogel units using ametallopolymer adhesive. The newly designed
metallopolymer adhesive adheres firmly and reversibly to the wet
surfaces of hydrogels. It adapts to the actuation and shape changes
of hydrogels. It is also tolerant to external stimuli (for example, pH
or temperature) for hydrogel actuation. These features are unique.
The combination of photocontrolled Ru-S coordination and polymer
chain entanglementis distinct from the mussel-inspired chemistry and

supramolecular chemistry for adhesives reportedin theliterature and
represents astrategy for designing strong yet reversible adhesives. We
anticipate that, similar to the actuators and soft robots reported here,
otherintelligent materials with multiple components, reconfigurabil-
ity, programmability and customizable functions can be fabricated
by reversibly gluing intelligent building blocks. Our study opens up
an avenue for the design of responsive materials, four-dimensional
printing materials, biomaterials and soft robots.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-024-01476-2.
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Methods

Synthesis

The synthesis and characterization of Rucomplexes, thioethers, P-Ru,
P-Sand fluorescently labelled P-S are provided in Supplementary Infor-
mation (Supplementary Figs. 1-44).

Preparation of hydrogels as adherends

Non-responsive P1 gel. N-hydroxyethyl acrylamide (HEA)
(690 mg, 5.9 mmol) was dissolved in 6 ml de-ionized water.
N,N’-methylenebisacrylamide (Bis) (9 mg, 0.06 mmol) and Irgacure
2959 (12 mg, 0.05 mmol) were added to the HEA solution. The precur-
sor solution was de-gassed and filled withargon for 20 min. After that,
the solution was poured into a Teflon mold, covered with a glass plate
and exposed to UV light (8 W, 366 nm curing light, CAMAG) for 2 h.
The obtained gel wasimmersed in water to reach swelling equilibrium.

Thermoresponsive P2 gel. 3-Dimethyl (methacryloyloxyethyl)
ammonium propane sulfonate (1,508 mg, 5.39 mmol) and HEA
(69 mg, 0.60 mmol) were dissolved in 6 ml de-ionized water. Bis (9 mg,
0.06 mmol) and Irgacure 2959 (12 mg, 0.05 mmol) were sequentially
added to the mixture. The mixture was de-gassed and filled with argon
for 20 min. After that, the mixture was poured into a Teflon mold,
covered with aglass plate and exposed to UV light (8 W,366 nm curing
light, CAMAG) for 2 h. The obtained gel wasimmersed in water toreach
swelling equilibrium.

pH-responsive P3 gel. HEA (621 mg, 5.3 mmol) and acrylic acid
(39 mg, 0.54 mmol) were dissolved in 6 ml de-ionized water. Bis (9 mg,
0.06 mmol) and Irgacure 2959 (24 mg, 0.10 mmol) were added to the
mixture. The mixture was de-gassed and filled with argon for 20 min.
After that, the mixture was poured into a Teflon mold, covered with a
glass plate and exposed to UV light (8 W, 366 nm curing light, CAMAG)
for 2 h. The obtained gel was immersed in water to reach swelling
equilibrium.

Magnetic particle-containing P4 gel. HEA (230.26 mg, 2 mmol) was
dissolved in1 ml of de-ionized water. Bis (0.33 mg, 0.0002 mmol), Mag-
neHis Ni-Particle suspension (0.1 ml) and VA-044 (5 mg, 0.015 mmol)
were added to the HEA solution. The solution was de-gassed and filled
with argon for 20 min. After that, the solution was poured into a Teflon
mold, sealed with a glass plate and placed in an oven at 50 °C for 12 h.
The obtained gel wasimmersed in water toreach swelling equilibrium.

Preparation of hydrogel assemblies using P-Ru/P-S as an
adhesive

Anaqueous solution of P-Ru/P-S (6 wt%, 10 pl cm™) was spread on the
surfaces of the hydrogels. Then, one hydrogel was pressed on top of

another hydrogel. The hydrogels were sealed and placed in acontainer
at 70 °C for 6 h. After that, a gel assembly was obtained and the gel
assembly was immersed in water before further investigation.

Data availability
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published article and its supplementary information files. Source data
are provided with this paper.
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