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ABSTRACT: Electrostatic interaction is a promising mechanism-=
to expand the range of physiochemical properties of hydro
materials. However, the versatility of such materials is still limi
because of the dtulties associated with harnessing stro
electrostatic interactions for controllable hydrogel formation.
Here we report a modular approach for programming interactions® 2" . o
between positively charged biopolymers and polyoxometalafg e o
(POM) anions to create dynamic hydrogels. Fabrication of diverse

hydrogels was achieved simply by soaking primary networks with predispersed chitosan in aqueous solutions of POMs with vari
nuclearity and charges. This resulted in double network (DN) hydrogel8witte?s of magnitude higher toughness compared

with the precedent composite hydrogels. In addition, the dynamic electrostatic interactions endowed the DN hydrogels reversik
responsiveness and intriguing capabilities to memorize shapes, to actuate, and to change colors upon expestem&d speci

cues, which are challenging to achieve in previous hydrogels. Furthermxit@lityhef our approach is demonstrated by the use

of either physically or chemically cross-linked primary networks, which are composed of synthetic polymers, natural biopolyme
and even genetically engineered protein polymers. Consequently, our facile and modular approach establishes new opportunitie
design and fabrication of dynamic functional hydrogels for wide applications.
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INTRODUCTION However, the responsiveness of these hydrogels to environ-

Dynamic functional hydrogels wigmart behaviors undergo Mental cues remains unknown. In addition, the types of
physiochemical changes or shape deformations in responsgfgrged components for hydrogel fabrication are so far still
external stimuli such as temperdtirgH;*° electricity’’ limited, and there is a need to explore new electrostatically
light/® or magnetic eld”® Such hydrogels have attracted interacted pairs of charged components for fabrication of
increasing attention due to their promising applications in sdfiverse hydrogels with remarkable mechanical properties and
robotics;>** actuator$;***** and biomateriat$.*’ The dynamic functionalities.

ultimate application of these hydrogels requires a combinationPolyoxometalates (POMs) are a large group of discrete,
of multiple desirable E)roperties such as mechanical propertiagstly anionic polynuclear metal-oxo clusters that have well-
and smart behavior€'® Extensive ®rts have been devoted de ned molecular structures and high redox activities with
to synthesizing mechanically robust hydrogels by couplimgeat potential to impart diverse functionalitiés.As a
distinct cross-link mechanisms and netWorksand by unique type of polyanions, POMs are speculated to form
introducing nanocomposites and microsphere structures intobust hydrogels with polycationic biopolymers by strong
the hydrogel matric&s?” In a parallel manner, many exciting electrostatic interactions. The most abundant basic biopol-
approaches have been devised to modulate hydroggher, chitosan, has attracted our attention, because it is
responsiveness by the incorporation of stimuli-responsiygdegradable, biocompatible, and readily available in a range
pOlymerS or cross-linkers within hydr&géfgzs However, of molecular We|ght|\/(w) and degrees of deacety|a_
achieving robust mechanicabperties and multistimuli  tjgn 51921 2428 |4 aqdition, chitosan solutions can be easily

responsiveness, two highly desirable yet ofteicte@n  repared for gelation by dissolving chitosan salts in water or by
properties of hydrogels, remains a great challenge éfdthe  jissolving the chitosan solid in dilute acids. Unfortunately, the
Electrostatic interaction is one of the most intriguing

dynamic bonds for hydrogel fabrication due to the fast kinetics
of complexation reactiéh¥ and responsiveness to multiple Reéceived: November 15, 2019
external stimuli, including temperature, pH, cations, angeVised: February 21,2020
anions. For example, the pioneering studies have utilizegP/ished: February 24, 2020
electrostatic interactions between chains of synthetic poly-

ampholytes ** or oppositely charged polyelectrof{tes

form hydrogels with outstangi mechanical properties.
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Scheme 1. Programmable Interactidns

Temp., pH, reduction

\\\ NH3§~ ¢

i Dynamic interactions
A network with Double network with

dispersed chitosan chitosan-POM complex
T;\‘ Primary network ~~ \ Chitosan POM ="' SiW == Electrostatic interaction

FProgrammable interactions between chitosan and POM for the formation of reinforced hydrogels with dynamic behaviors.
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Figure 1.(a) Tensile stresstrain curves of the three types of composite and DN hydrogels. (b) Outstanding mechanical performance of the
PAM-CH-SiW hydrogels. The hydrogel with a width of 5 mm and thickness of 0.8 mm bore a load of 500 g (left). The hydrogel recovered to its
original shape without fracture after it was folded three times or twisted (right). (¢) SEM images of the PAM-CH (left) and PAM-CH-SiW (right)
hydrogels. (d) FTIR spectra of Siw, PAM-CH composite, and PAM-CH-SiW DN hydrogels in the rangg06f@080(e) *3W NMR

spectra of SiW alone and lyophilized PAM-CH-SiW hydrogel dissolved id;DM@Gignal at 0 ppm is the reference (2 BWGa aqueous

solution in RO).

fast complexation between chitosan and POM solutions RESULTS AND DISCUSSION

(Figure S)iprevents the formation of bulk hydrogels. To demonstrate the modular feature of our approach, chitosan
To overcome the obstacle for controllable hydrogehydrochloride (CH) of low molecular weight (30 kDa) was
formation, here we propose a new approach by soaking gt chosen and mixed with building blocks of distinct primary
primary network with predispersed chitosan into POMhetworks. Here, two chemically cross-linked matrices of either
solutions to form double network (DN) hydrog&shéme  synthetic polyacrylamide (PAM) or genetically engineered

1). This approach has at least three merits, as follows. Firgsilin-silk (RS) copolymiérand a physically cross-linked
facile soaking allows freeudion of the nanometer-sized Matrix of natural biopolymer agarose were shown as model
POM anions into the existing primary network for controllabl@’imary networks. These composite hydrogels, labeled as

cross-linking with positively charged chitosan. Second, t M-CH, RS-CH, and agarose-CH, were then soaked into

2 . . olution of a Keggin-type POM, silicotungstic acid (SiW). Siw
electrostatic interaction complements rather than restricts tI e particularly unique polyanionic nanoclusterx1Lamx

type of primary network, either chemically or physically Crosgq nr) with a rigid framework, well-ged topology, high

Imked.Thlr(_j,_ the modular and versatile strategy could not onfynization propensity in water, single size distribution, and
confer sacrcial bonds to strengthen and toughen hydrogelg|ectrochromisft,and thus was chosen as a cross-linker to
but also incorporate stimuli-responsive cross-linkers to imp#stm quadrivalent electrostatic interactions with positively
dynamic properties. charged CH. The resulting double network hydrogels all
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Table 1. Tensile Mechanical Properties of Various Hydrogels

hydrogel type strength (kPa) strain at break (%) elastic modulus (MPa) toughnesy (kJ m
composite hydrogel
PAM-3% CH 9.5 0.4 8.9t 1.7 0.12t 0.04 0.42 0.11
PAM-3% Clgiyw 12.0+ 0.6 12.6: 1.5 0.15 0.02 0.75% 0.15
RS-3% CH 248 3.2 32.9 4.5 0.09t 0.01 3.76 0.48
agarose-2% CH 810.4 6.3+ 0.2 0.16+ 0.01 0.2 0.03
double network hydro§el
PAM-3% CH-SIW 105448153.3 178.&8 18.5 1.8& 0.12 1094.3 78.5
PAM-3% CH-PMo 54056 67.7 138.% 19.2 3.0% 0.44 692.% 57.0
PAM-3% CH-PW 118045114.8 113.¢ 12.2 2.2% 0.24 746.& 53.1
PAM-3% Chjp-SiW 3272.% 224.0 234.2 20.8 3.9% 0.29 4090.9 121.6
RS-3% CH-SiW 8611892.3 159.¢ 16.5 2.3% 0.45 774.& 34.2
agarose-2% CH-SiwW 812.83.0 93.% 8.5 5.28 0.88 450.2 28.8

&CH and CHyy,, stand for the low (30 kDa) and medium (200 kDa) molecular weight chitosan hydrochloride used for hydrogel fabrication.
PAbbreviations for diverse POMs: SiViGi¥,0,5 PMo, HPM0,,0,0 and PW, BPW,,0,,
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Figure 2.(a) The storage modulus of the PAM-CH-SiW and PAM-CH hydrogels as a function of temperature at a heatgniaté iof 2

rheological tests. (b) Tensile strassin curves of the PAM-CH-SiW hydrogels at various temperatures. (c) Shapeshifting cycle of the PAM-CH-
SiW hydrogel: an initial rodlike sample is bent to a hairpif@t¥sexternal stress, and the deformed temporary shaggkupon cooling at 4

°C. When heated to ?C, the original, rodlike shape is recovered. Note that the hydrogel does not have a volume change with temperature. (d)
Hairpin angle () was monitored for the shape-programmed hydrogel during the heating-triggered shape-memory process. The data represent tl
average of three replicates, and error bars correspond to the standard deviations. (e) An“hhiemingucaptured during the heating

process. Scale bar, 5 mm.

displayed greatly improved mechanical properties over thainforcing eects on the mechanical properties of the DN
corresponding composite hydrogelgure a). For example, hydrogels correlated positively with the concentrations of CH
the PAM-CH-SiW DN hydrogel exhibited a fracture strengtldispersed in the primary networks(re S3 and Table)S1

and fracture energy of1.05 MPa and 1.09 MJ n Taken together, these results indicate that a wide variety of
respectively, which were 111- and 2605-fold higher thaough hydrogels could be fabricated by varying the type of
those of the preceding composite gel. Furthermore, soaking #@®Ms, molecular weight, and concentration of CH, and the
PAM-CH hydrogels in solutions of POMs with varyingchoice of primary networks.

nuclearity and charges also resulted in DN hydrogels withAs vividly displayed iigure b, a ribbon of the pristine
reinforced mechanical propertiegfre S9a When CH of PAM-CH-SiW hydrogel with a 4 fenoss section could bear
medium molecular weight (200 kDa) was used in hydrogel weight of 500 g, showing an appreciably high loading ability.
fabrication, the resulting DN gels showed even bettdn addition, the gel could be twisted into a helical shape or
mechanical propertiesigure S2h with an elastic modulus, folded three times and recover to its original shape without
fracture strength, and fracture energy of 3.97 MPa, 3.27 MRacture, indicating its good toughness and shape self-
and 4.09 MJ ni, respectively Teble ). Notably, the recoverability. When the chemically cross-linked primary
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Figure 3.(a) Tensile stresstrain curves of the PAM-CH-SiW hydrogels conditioned over a wide pH range from 1 to 12. (b) The PAM-CH-SiW
hydrogels exhibited switchable tensile properties upon alternating treatments with 0.1 M NaOH and 0.17 M SiW. The PAM-CH composite
hydrogel was soaked in the SiW solution to make the DN hydrogel (naphedtsitWwas treated with NaOH and SiW in an alternating

manner. (c) Five successive loadingpading cycles of a PAM-CH-SiW hydrogel upon alternating treatments with NaOH and SiW as described

in (b). The hydrogel was tensile tested to 10% strain after each treatment. (d) Molding of the PAM-CH-SiW DN hydrogel: a hydrogel bar is
twisted on a pen and soaked in the SiW solution to program its shape into a helix (left). Similarly, the hydrogel bar can be programmed into oth
arbitrary shapes such as a tie, a spiral, &kl &ight). (e) A claw-shaped PAM-CH-SiW DN hydrogel released a 5 g brown object into a basic
solution (0.1 M NaOH). Scale bar, 10 mm.

network was replaced with the physical network of agarose, thdicating that the topological structure of SiW was well-
resulting DN hydrogel was endowed with an intriguing shapetained within the DN hydrogels. In addition, elemental
moldable property, as demonstrated by the complex, arbitramyalysis of the lyophilized PAM-CH-SiW hydrogel revealed a
shapes such as hydrotghné and “crané (Figure Sy weight percentage of 1.460.34 wt % for silicon, further
Therefore, the integration of CH-POM ionic networks notdemonstrating the existence of SiW in the hydrogel matrix.
only toughened the hydrogels but also endowed shape-Having characterized the DN hydrogels, we then explored
morphing properties. Scanning electron microscopy (SEMyhether the dynamic electrostatic interactions could impart
revealed the formation of compact and dense microstructutesnperature responsiveness to the hydrogels. As a typical
due to the integration of the ionic networkig\(re t and example, the PAM-CH-SiW hydrogel was chosen for
Figure Sh which coincided well with the reinforced rheological characterization over a broad temperature range.
mechanical properties for the DN hydrogels. Furthermor&he temperature sweep analysis, which monitors evolution of
the reversible ionic networks endowed the hydrogels with goatbdulus with increasing temperature, revealed that the
self-recovery ability based on tensile tests on the stretchiegllrogel stiness decreased sharply at the initial stage and
hydrogel samples afteratent relaxing time&igure Sp then declined slowly after 35 (Figure a). In contrast, the

Next, the Fourier-transform infrared spectroscopy (FTIRPAM-CH gel without the CH-SiW ionic network maintained
spectra of the DN hydrogels were analyzed. As siiéigurén ~ nearly constant modulus, which demonstrates that the
1d, the FTIR spectra of the PAM-CH-SIW hydrogel presentlectrostatic interaction within the CH-SIW network is
the characteristic vibrations bands of SiW at 974, 923, 882, asahsitive to temperature. The temperature responsiveness of
802 cm?, whereas such bands were not observed for the DN hydrogels was also observed in uniaxial tensile tests
composite hydrogels. Notably, the above characteristic barfésgure B). For example, the elastic modulus of the PAM-CH-
were slightly shifted when compared with those of the pareB8iW hydrogel was 7.53 MPa at the chilling temperature of 4
SiW. This was attributed to mathtion of the SiW  °C. As the temperature was increased t6C3%he DN
microenvironments as a result of electrostatic interactiomydrogel was substantially softened, with elastic modulus at
with protonated amino groups of €FC Similar results were  1.82 MPa, and became at least 3 times more extensible. These
observed for the RS-CH-SiW and agarose-CH-SiW hydrogedsults indicate the huge changes in tensile mechanical
(Figure S); demonstrating the formation of electrostaticproperties of the DN hydrogels even in the narrow
interactions involving SiW in the DN hydrogels tested. temperature range of physiological relevance.

Furthermore,*®W nuclear magnetic resonance (NMR) On the basis of the above results, we further explored
spectroscopy was performed to evaluate integrality of SiWwvimether the DN hydrogels could be thermally programmed for
the DN hydrogels. As shown kigure & andFigure S8 use as shape memory materials. In principle, when the
deuterated dimethyl sulfoxide (DM&Psolutions of all the  deformed DN hydrogels ameed at lower temperatures, the
lyophilized DN hydrogels showed tf& NMR chemical electrostatic interactions will become strong enough to
shifts characteristic of SiW alone in the same séf%ent, temporarily lock-in the deformed shape, and the covalent
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Figure 4.(a) Photographs of the PAM-CH-SiW hydrogel placed on an ITO-coated glass slide, exhibiting reversible electrochromic behavior. XP
spectra of the hydrogel before (b) and after (c) the electrochemical reduction. (d) 3D schematic diagram of the PAM-CH-SiW hydrogel-base
printer device, in which a PP insulatiomwith a carved hollow pattern was closely adhered to the hydrogel and then placed between two ITO-
coated glass plates. (e) Images of the pripsedia pattern captured at @irent times during the decoloration process, which was due to
oxidation of & (deep blue) into \W (colorless) by atmospheric oxygen. Scale bar, 5 mm.

cross-links of the primary networks store the elastic energmique feature, to the best of our knowledge, has not been
With an increase in temperature, ‘loek$ will gradually  previously reported for gels with ionic cross-linking.
dismiss, and the covalent cross-links will release the energy timtuitively, pH strongly acts protonation of the amino
drive shape recovery. To test the hypothesis, we designedraups (i, 6.3") in the CH chain, and the number of ionic
shape programming and recovery process for the PAM-CEross-links in the DN hydrogels correlates directly to the
SiW hydrogel Kigure 2). A rodlike hydrogel (permanent amount of protonated amino groups. Therefore, we examined
shape) was folded along the horizontal axis at roomH responsiveness of the DN hydrogels over a wide pH range
temperature to a hairpin shape. The hairpin under externaf 1 12. To this end, we performed tensile tests for the PAM-
stress wased at £C for 10 min to obtain a temporary shape. CH-SiW hydrogelsF{gure &). The hydrogels tended to
Upon removal of the external stress, the hairpin samptisplay superior mechanical performance with a decrease in
partially recovered and then maintained a temporary shapepat, because increasing acidity favored protonation of the
the chilling temperature. When subsequently heated@p 70 amino groups for ionic cross-linking with the SiwW anions. On
the hairpin unfolded and recovered to its original straightbe one hand, notably, the hydrogel at pH 1 showed
shape instantaneously. In addition, the recovered sample calcharkable mechanical properties (elastic modulus: 7.95
be immediately shape-morphed in another shape memdwPa; tensile fracture stress: 2.32 MPa; tensile fracture strain:
cycle, and the reversible shape memory transitions could 2&3%). On the other hand, the hydrogel mechanical properties
repeated for at least 30 times. More interestingly, the shapeere unaected under weakly acidic (pH 5) to neutral pH,
programmed rodlike hydrogel displayed a stepwise recovenssibly due to the proportion of protonated amino groups
process as a function of temperature during the heating procbetng comparable at pH levels close tokhe/fhen the pH
(Figures S9 and 91T0 describe the shape morphing processwas further increased to 9 and higher levels, dramatic decreases
guantitatively, we recorded anglevhich represented the in mechanical properties were observed. According to
position of each recovered shape relative to the origindirgensen and Mat." the extent of SiW decomposition
permanent shape of the hydrogélure @ displays the was only 25% at a pH of 8.9 in agueous solution, and it
nonlinear relationship between the angled the temper- increased to 100% at pH 11.0. To explore the integrity of SiW
ature during the heating process. The angks 142 for in the PAM-CH-SIW hydrogels, we monitored the FTIR
the programmed hydrogel &G and gradually decreased to spectra of the gels conditioned at pH values of 7 and 9,
51° at 35°C. Upon further heating to ?C, the sample respectively. Interestingly, characteristic FTIR spectra of SiW
almost completely restored its original shape (0°). were observed for the gels at both pH conditions, whereas the
Furthermore, the shape programming and recovery processtosan-SiW electrostatic interactions collapsed at pH 9
was reproducible for at least 20 cyélegife S1)1 and the (Figure S1R Therefore, the inferior hydrogel mechanical
intriguing shape memoryeet motivated us to create an properties at pH 9 were due to loss of the ionic cross-links
arti cial three-dimensional (3D) hydrogebwef with resulting from deprotonation of the amino groups in the CH
thermally triggeretblooming (Figure 2 andMovie S). chains and partial decomposition of the SiW clusters in the gel.
Notably, the PAM-CH-SiW hydrogels were responsive to Owing to the pH-responsive cross-linking mechanism, the
temperature changes and supportive of shape morphing in thechanical properties of the hydrogels might be reversibly
narrow temperature range of physiological relevance, and thigtched between tough and weak. To demonstrate this,
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tensile tests were performed for the hydrogel samplédeaching might be due to the low capability of atmospheric
alternately immersed in SiwW and NaOH solutieigsife B oxygen in oxidizing Wto WF* (see below) and/or to the

and Figure S1)3 As expected, the PAM-CH-SIW hydrogelsoxygen transport processes. However, the detailed mechanisms
could repeatedly switch between tough (by SiW treatmentemain to be explored.

and weak (by NaOH treatment). Notably, the NaOH-treated To explore the chemical mechanism of electrochromics, X-
hydrogels exhibited slightly improved mechanical performan@y photoelectron spectroscopy (XPS) was employed to
compared with the initial composite hydrogels due to the selinalyze surface composition of the PAM-CH-SIW hydrogel
assembly of the deprotonated CH through hydrogen bondirngefore and after electrochemical reduction. As shbignria

and hydrophobic interactions. The inserted photographs b, the pristine hydrogel showed XPS peaks at 38.1 and 36.0
Figure ® vividly showed that the SiW-treated hydrogel wasV, which are attributed to the electron binding energfy of W
tough enough to self-support its weight in the air withou#tfs, and W* 4f,,, respectivefy/. In contrast, the reduced
noticeable deformation, whereas the NaOH-treated hydrodgtdrogel exhibited two deconvoluted peaks at 37.3 and 35.3
was too weak to self-support. Interestingly, the tweV (Figure €), which were assigned to the binding energy of
morphological states could repeatedly switch by the abow&?* 4f, and W* 4f,,, respectivefyf. These two emerging
mentioned treatments. To characterize mechanical behavipeaks can be distinctly attributed to th& W W>*

of the treated hydrogels, successive loadtilogding tests intervalence charge transfer, indicating the formation of
were performed for individual hydrogels upon alternatingeduced SiW in the electrochromic process. During the
treatments with Siw and NaOH. As illustrateléignre 8, autonomous decoloration process, molecular oxygen in the
the Siw-treated hydrogel exhibited typical viscoelastic behawdmosphere is reduced to oxidiZé iWo WP* again.

with signicant hysteresis loops, indicating its good energy Beneting from the reversible electrochromic property, the
dissipation capacity due to the regomable“sacricial DN hydrogels might be used as ink-free rewritable materials.
bond$ of CH-SiW in tensile tests. In the absence of theéAs a proof-of-concept example, a simple ink-free printer was
sacricial bonds, the NaOH-treated hydrogel switched back ttabricated that caiprint’ designed patterns on the hydrogel.
being elastic and displayed unobservable hysteresis. Sinfiigtire 4 shows a 3D schematic representation of the printer,
tests were performed for the RS-CH-SiW and agarose-CH-SiWwhich a polypropylene (PP) insulatitm with a carved
hydrogels, also revealing a switch in energy-dissipating capdijow pattern is closely adhered to the PAM-CH-SiwW

(Figure SI¢ hydrogel and then placed between two ITO-coated glass
The above switchable properties motivated us to remold thiates. For example, the R with a hollowed panda pattern
hydrogels into various 3D structures. As shofigline &, (Figure SIpermitted exposure of the hydrogel to electricity

the NaOH-treated PAM-CH-SiW hydrogel, which is soft an@nly through the hollows of the AR. The deep blue pattern
withstands a great deal of bending, was twisted on a pen dfda “panda appeared distinctly on the gel after applying
then immersed in SiW solution for 1 h. The newly formed CHvoltage and then faded gradually in the air and completely
SiW interactions were stiently strong tox the polymer  recovered to its original state in 55 rfiig{re €). Notably,
chains enabling the hydrogel with a helical shape. When tH& recovered hydrogel can ‘peinted again with such
above molded hydrogel was soaked in NaOH solution for 1 Boloration-decoloration cycle for at least 15 times. By using
the shape gradually returned to its initial state. In a simil&lectricity asprinting ink, any text and pattern, in principle,
manner, the same piece of the hydrogel could be remold€an be printed on this hydrogel and erased arbitrarily. As a new
into various arbitrary shapes includitizper ti¢, a spiral and ~ member of the family of electrochromic materials, the POM-
“letter M'. This remoldable and responsive property indicatefiarboring hydrogels provide an alternative for rewritable
that the hydrogel can be potentially used as actéagors.  Pattern display.
3e illustrates a prototype of a claw molded from the PAM-CH-
SiW hydrogel. The claw with an enclosed object could release CONCLUSION
the object within 10 s when immersed in a basic solution dua summary, we have established a modular approach for
to the disintegration of the CH-SIW electrostatic interactionprogramming electrostatic interactions between the positively
In addition, the above cycle of claw molding and object releasiarged chitosan and POM anions to create a new series of
could be performed repeatedly at least 30 times, indicatidgnamic hydrogels. Our approacleisble to tune hydrogels
desirable reusability of the hydrogel actuator. with a broad range of mechanical properties, simply by
Diverse POMs are amenable to reduction, and reducesithogonally composing the gelation system. This can be
POMs usually have the same general atomic structure as fheilely achieved by adjusting the molecular weight of chitosan,
oxidized POMS. Inspired by the redox activity of POMs, we the primary network for chitosan predispersion, and POM
then explored whether the DN hydrogels were responsive $olutions for soaking. With integration of the strong electro-
electrochemical reductioRiqure 4). When the PAM-CH-  static interactions, hydrogels with outstandingess,
SiW gel with a thickness of 0.8 mm was placed between twwength, and toughness have been fabricated ltcthieil
electrically conductive indium tin oxide (ITO)-coated glassnechanical needs for actuation. Intriguingly, the dynamic
plates with applied voltage, the transparent hydrogel changsdctrostatic interactions endow the mechanically robust
within 5 s from colorless to deep blldoyie S, a hydrogels responsiveness to diverse stimuli, #mirsgawo
characteristic color of reduced PGMdore interestingly, the  features that are highly desirable and seldom achieved in
hydrogel switched to being colorless and transparent after §eviously reported soft materials. Of particular interest, the
voltage was turned dor 55 min Figure S15 showing a  hydrogels are responsive to various easily applicable stimuli
reversible electrochromic behavior. Notably, the electriacluding temperature, pH, and reduction, in a reversible and
chromic inking kinetics is fast and comparable to previoyggogrammable manner. This feature has enabled fabrication of
POM-based electrochromic deviteghereas the bleaching the hydrogels into multiple arbitrary 3D objects to morph
kinetics is 1 order of magnitude slower. The slow kinetics okhapes, to actuate and display color changes with appreciable
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repeatability and durabjli Combined with the recent 0.8 mm and a diameter of 40 mm were loaded onto the precooled

developments in 3D printing of complex sﬁéw,gelation bottom plate, with hydrogenated silicone added between the top and

system and the resulting dynamic hydrogels couldaiyi bottom plates to minimize hydrogel dehydration. The temperature
i 1 in 1

expand the technical potential for applications in soft robotic&Veeps from 4 to 8C with a heating rate o min *were then

rewritable display, and electricity sensor. Nonetheless, becaﬂ%&ormed at a frequency of 1 Hz and a strain 1%, which was within

. - : inear viscoelastic regime.
of the unspect cytotoxicity of POMs against tumor and " giectrochromic test. The electrochromic experiments for the as-

5 . g P
normal cell$; the biocompatibility of the POM-containing prepared DN hydrogels were performed on a CHI760E electro-
hydrogels needs to be carefully evaluated for possikjgemical workstation (Chenhua Instrumental Co.). The hydrogel

biomedical applications. samples were individually loaded on the ITO-coated glass. Then, a
second ITO-coated glass electrode with a layer of insulated PP mask
MATERIALS AND METHODS was placed on the gel. Photographs and videos were taken for the gels

using a Canon EOS 700D camera (Canon).

Chemicals and Materials.A 30 wt % solution of acrylamide/ Characterization of Hydrogels. FTIR analyses of lyophilized
N,N -methylenebis(acrylamide) (29:1), agarose, and ammoniumydrogels were performed on a Nicolet 6700 spectrometer (Thermo
persulfate (APS) were obtained from Sangon Biotech, TsinglEsher Scient Inc.) equipped with a deuterated triglycine sulfate
Biotech, and Amresco, respectively. CH oMp\B0 kDa, >90%  detector!*3W NMR spectra were acquired on an Avance Il 400
deacetylated) and its meditug, counterpart (Clgw.,: 200 kDa, MHz spectrometer (Bruker), with 2 M M&O, solution in RO as
80 95% deacetylated) were purchased from Karma Chem angh external reference. Prior to analyses, lyophilized hydrogels and
Maokang Biotechnology Co., Ltd., respectively. Phosphomolybdithgstosilicic acid hydrate were dissolved in DijS€spectively.
acid hydrate, phosphotungstic acid hydrate, and tungstosilicic agigM images were acquired on a Hitachi S-3400N scanning electron
hydrate were obtained from Nine-Ding Chemical, Macklin Biomicroscope. To prepare the specimens, lyophilized hydrogels were
chemical, and Aladdin Biochemical, respectively. THgt@rilyl)- coated with gold using a Leica EM SCDO050 sputtering device with a
dichlororuthenium(ll) hexahydrate was obtained from Sigma. The Riater-cooled sputter head (Leica Microsystems GmbH). XPS spectra
protein polymer (49.2 kDa) was biosynthesized as described in oyere acquired on an AXIS Ultra DLD spectrometer (Kratos). The
previous study. All other chemicals and reagents were of analyticahydrogels before and after electrochemical reduction were frozen in
purity and used without further pestion. liquid nitrogen for 15 min and lyophilized under vacuum for XPS

Preparation of Composite Hydrogels. Three types of  anpalyses. All the peaks were charge-corrected using the binding energy
composite hydrogels were prepared. In one experiment, powdersopfC (1s) at 284.6 eV as the reference point. The OriginPro v9.2
CH were suspended in the 30 wt % acrylaMidemethylenebis-  software (OriginLab Corp.) was used for baseline correction and
(acrylamide) (AM/MBA) solution and stirred overnight at room sypsequent iterative curviing of the spectra using Gaussian
temperature. Following the addition of APS and degassing Wiligorithm withR% more than 0.998, in which the second derivatives of
nitrogen stream, the solutions containing 10 wt % AM/MBA, 0.1 Wihe spectra were used for peak positioning guidance. For elemental
% APS, and 3 wt % CH (unless speotherwise) were poured into  analysis, the hydrogels were lyophilized, ground into powders, and
glass molds and incubated at®@or 4 h to yield the as-prepared |paded into an iCAP 6300 inductively coupled plasma optical
PAM-CH composite hydrogels. Similarly, PAMrfsHomposite  emjssion spectrometer (Thermo Fisher Sagnfihe deep blue
gels were prepared by dispersingfgth the pregelation solutions.  intensity of the PAM-CH-SiW hydrogels in electrochromic processes

In another experiment, CH, RS protein, [Ru@pygnd APS were  \as monitored by measuring absorbance at 700 nm using a Lamda
dissolved in deionized water radl concentrations of 3 wt % (unless 950 UV vis NIR (NIR = near-infrared) spectrophotometer

specied otherwise), 10 wt %, 2 mM, and 10 mM, respectively. TheperkinElmer).

solutions were then transferred into bar molds and irradiated for 4

min with a 200 W white light source. The third type of composite

hydrogels was fabricated by pouring hot, aqueous solutions of 2 wt % ASSOCIATED CONTENT
agarose and 0.8 wt % CH into glass molds to cool for 1 h at room * Supporting Information

temperature. X . . .
Preparation of DN Hydrogels. The above three types of The Supporting Information is available free of charge at

composite hydrogels were immersed in 0.17 M agueous solution §tPs://pubs.acs.org/doi/10.1021/acs.chemmater.9n04726
the indicated POM for 1 h (unless spegtiotherwise) at room Tensil hanical " f hvd Is. f ti f
temperature. For removal of the dissociative POM clusters, the enS'emec amca.pmper 1es o y. rogels, formation o
hydrogels wererst briey rinsed with deionized water and then thin Ims at the interface of chitosan and POM
soaked in fresh water overnight. Afterward, the hydrogels were taken ~Solutions, tensile tests for the DN hydrogels with
out and gently blotted witHter papers to remove surface liquids. varying types of POMs, molecular weight and concen-
The as-prepared DN hydrogels were then tested and characterized as tration of chitosan, photographs of the agarose-CH-SiwW
described below. In another experiment, the PAM-CH composite DN hydrogel molded into dirent shapes, SEM images
hydrogels were soaked in the SiW solution for varying periods of time  of various hydrogels, self-recovery behavior of the PAM-
5 720 min), similarly waghed, and tensile tested, Which revealed that  cH-siW DN hydrogel, FTIR arthV NMR spectra of

45 min of soaking was stient to reach full loading with the POM various hydrogels, images of rodlike DN hydrogels

(Figure S17 , ) i
Mechanical Property Tests.Tensile tests were performed on an C‘?‘ptured at derent temperatures in the tgmperature .
triggered shape memory cycle, gel hairpin angle in

Instron 5944 testing machine with a 10 N load cell (Instron ! ) )
Corporation). Brigy, rectangular hydrogel samples were coated with ~ di erent cycles of the heating-triggered shape memory
dimethylsilicone oil to minimize moisture evaporation and tested at ~ process, FTIR spectra of the DN hydrogels conditioned

25 °C and 60% relative humidity in air. For the temperature- at pH 7 and 9, tensile tests and successive loading
dependent tensile tests, the specimens were placed in a water bath at unloading cycles for the hydrogels with alternating
4, 35, or 70°C. The deformation rate of nominal tensile tests to treatments of SiW and NaOH, gel color change during
rupture was set at 10 mm ntinCyclic loadingunloading tensile the“inking and bleaching processes, photograph of the

tests were performed at’®5and a deformation rate of 2 mm rhin

with ve continuously repeated cycles. For rheological measurements,
a stress-controlled AR-G2 rheometer with a 40 mm parallel-plate
con guration (TA Instruments) was used. Samples with a thickness of

PP insulationim with a carved hollotpandé pattern,
tensile tests for the DN hydrogels with varying time of
soaking in the SiW solutioA{F)
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