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SUMMARY

Morphological evolution across multiple timescales, sustained by spatiotemporally evolving reactive species 

(STERS), underpins living systems’ development and adaptation. However, synthetic materials rarely reca

pitulate such evolving morphodynamics. Here, we propose a novel strategy that enables life-like generation 

of STERS, programming hydrogel morphological evolution across micro- to macro-scales and over minutes 

to weeks. This STERS system integrates gallium-based liquid metal particles, vinyl monomers, and near- 

infrared (NIR) light to establish spatiotemporal reactive species gradients for weeks following a single NIR 

exposure. STERS drive progressive free radical polymerization and ionic complexation, generating spatio

temporally evolving crosslinking gradients and enabling programmable shape transformations. We further 

extend these morphology-evolving hydrogels to biomedical applications, including directing stem cell differ

entiation and monitoring electroencephalogram signals in the developing brain. These advances pave the 

way for a new paradigm in the design of next-generation intelligent materials and devices, with promising ap

plications in robotics, regenerative medicine, and brain-machine interfaces.

PROGRESS AND POTENTIAL Morphological evolution in living systems—from the rapid nastic movements 

of plant leaves to the gradual sculpting of animal tissues—arises from the sustained production and spatial 

organization of active chemical species. However, current shape-morphing polymers cannot fully recapitu

late biological morphodynamics because they lack the self-sustaining, life-like generation of spatiotempo

rally evolving reactive species (STERS). Here, we report a biological morphodynamics-inspired strategy 

that enables self-sustaining STERS generation, thereby programming hydrogel morphological evolution 

across timescales. The STERS system integrates three key components: gallium-based liquid metal particles 

(LMPs) that generate reactive species, classical vinyl monomers that react with LMPs, and near-infrared (NIR) 

light that establishes spatiotemporal gradients of reactive species. Through synergistic interactions, the sys

tem generates and maintains concentration gradients of reactive species (radicals and ions) for up to 4 weeks 

after a single NIR exposure, continuously initiating free radical polymerization and ionic complexation to pro

gressively establish evolving crosslinking gradients. This approach enables programmable, life-like morpho

logical evolution in hydrogels across microscopic to macroscopic scales, from minutes to weeks, and 

through single and multiple shape-morphing cycles. We further extend these morphology-evolving hydro

gels to biomedical applications, including directing stem cell differentiation toward osteogenic and neural lin

eages over days, and monitoring electroencephalogram (EEG) signals in the developing brain over weeks. 

These findings suggest that STERS and morphology-evolving hydrogels offer a promising platform for 

next-generation intelligent materials and devices, with broad implications for robotics, regenerative medi

cine, and brain-machine interfaces. 
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INTRODUCTION

Morphological evolution in living systems—from the rapid nastic 

movements of plant leaves to the gradual sculpting of animal tis

sues—arises from the sustained production and spatial organi

zation of active chemical species. These species orchestrate 

diffusion, reaction, and feedback processes, thereby coordi

nating morphology transformations across timescales spanning 

seconds to weeks.1–6 For example, young sunflower plants 

exhibit heliotropic bending throughout the day by continuously 

generating and spatially establishing auxin concentration gradi

ents across the illuminated and shaded sides of the stem, which 

induces differential cell elongation and directional growth.7,8 By 

contrast, most synthetic stimulus-responsive polymers are fully 

polymerized materials whose shape transformations depend 

on stimulus-induced network reconfiguration, typically mediated 

by dynamic covalent exchange or reversible noncovalent inter

actions, and are thus limited to rapid and transient responses 

on timescales of seconds to minutes.9–21 Temporal program

ming strategies have extended the duration of network reconfi

guration in polymers by leveraging mechanisms such as 

supramolecular interactions,22,23 autocatalytic networks,24,25

and controlled mass diffusion,26 thereby prolonging shape trans

formations to hours or days. However, current shape-morphing 

polymers still cannot recapitulate the morphodynamics 

observed in biological systems, as they lack the self-sustaining 

generation of spatiotemporally evolving reactive species 

(STERS) required to program morphogenesis across timescales. 

This mechanism gap restricts the realization of life-like morpho

logical evolution, thereby constraining their practical applica

tions in biomedical scenarios that require operation across spe

cific biological life cycle.2,5,27–32

Here, we report a biological morphodynamics-inspired strat

egy that enables life-like, self-sustaining generation of STERS, 

thereby programming morphological evolution across time

scales in hydrogels. The STERS system comprises three essen

tial components: gallium-based liquid metal particles (LMPs) 

that generate reactive species, classical vinyl monomers (acryl

amide [AAm] and acrylic acid [AAc]) that react with LMPs, and 

near-infrared (NIR) light to establish spatiotemporal gradients 

of reactive species (Figures 1A and 1B). Through synergistic in

teractions, the STERS system generates and maintains concen

tration gradients of reactive species (radicals and ions) for up to 

4 weeks following a single NIR exposure, continuously initiating 

free radical polymerization and ionic complexation to progres

sively establish spatiotemporally evolving crosslinking gradients. 

This novel approach enables programmable, life-like morpho

logical evolution in hydrogels, spanning microscopic to macro

scopic scales, minutes to weeks, and single to multiple transfor

mation cycles. We further demonstrate the utility of these 

morphology-evolving hydrogels in biomedical applications, 

including directing stem cell differentiation into osteogenic and 

neural lineages in a life-like cycle, and monitoring electroenceph

alogram (EEG) signals in the developing brain (postnatal day 14 

[P14]–P28). These advances pave the way for a new paradigm in 

designing next-generation intelligent materials and devices, with 

promising applications in robotics, regenerative medicine, and 

brain-machine interfaces.

RESULTS AND DISCUSSION

Sustained generation of reactive species

To achieve self-sustaining generation of reactive species, we de

signed the STERS system based on three key criteria: (1) the func

tional element must dynamically switch between the deactivation 

and activation states, enabling controlled production of reactive 

species; (2) conventional monomers should facilitate both deacti

vation and activation reactions of the functional element, thus 

regulating the generation of reactive species and the formation 

of polymer network; and (3) the system should be compatible 

with an external field to convert external energy into spatiotem

poral gradients of reactive species. To meet these requirements 

(Figures 1A and 1B), we employed gallium-based LMPs as the 

functional element, leveraging their unique ability to generate 

reactive species (e.g., radicals and Ga3+ ions) through surface ox

ide formation and removal,33,34 thereby enabling dynamic deacti

vation and activation reactions. We selected classical vinyl mono

mers, including AAm and AAc, which interact with the oxide layer 

of LMPs and can be polymerized into various functional mate

rials.35–39 As the external field, we utilized 808-nm NIR light, which 

is applicable for biomedical applications,40–43 offers high spatial 

resolution, and can be efficiently coupled with LMPs to convert 

NIR irradiation into localized thermal energy.44–47

On the basis of this design principle, we first synthesized LMPs 

and then prepared a well-dispersed hydrogel precursor contain

ing LMPs, AAm, AAc, and poly (ethylene glycol) diacrylate 

(PEGDA) as the crosslinker (Figure S1, see supplemental 

methods). Before NIR irradiation, the LMPs underwent repeated 

cycles of oxide formation and removal within the precursor, 

rapidly converting the solution into a pre-gel matrix. During these 

dynamic deactivation and activation reactions, AAm binds more 

strongly to the oxide surface than to the underlying Ga surface, 

stabilizing the oxide layer and facilitating Ga3+ outward diffusion, 

thereby promoting the oxide growth,33 whereas AAc preferen

tially etches the oxide layer of the LMPs,48,49 as confirmed by 

transmission electron microscopy (TEM) and energy-dispersive 

X-ray spectroscopy (EDS) (Figure 1A; Figures S2–S4). These re

actions sustained the generation of reactive species (⋅OH, ⋅R, 

and Ga3+), as evidenced by electron paramagnetic resonance 

(EPR) spectroscopy and inductively coupled plasma mass spec

trometry (ICP-MS), respectively (Figures S5 and S6). Specif

ically, radical species originated from the oxidation reactions be

tween Ga and water in the presence of oxygen, while Ga3+ ions 

were generated through reactions between the gallium oxide 

layer and protons from the system.35,50 Unlike conventional ap

proaches, in which reactions typically proceed to completion 

almost instantaneously,51–53 this self-sustaining system, 

enabled by unique dynamic deactivation and activation reac

tions, can persist for over 4 weeks without external chemical 

replenishment and can be further regulated by NIR irradiation.

Upon exposure of the pre-gel matrix to NIR irradiation, the well- 

dispersed LMPs efficiently converted incident energy into local

ized thermal gradients, thereby accelerating interfacial reactions 

and facilitating the generation of reactive species (Figure 1B). 

Notably, a single NIR irradiation event triggered the spatiotem

poral evolution of reactive species within the pre-gel matrix, as 

confirmed by fluorescence image analysis (Figures S7 and S8). 
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As shown in Figure 1C, the concentration of radical species was 

significantly higher at the top surface than at the bottom surface 

on day 0, and this difference gradually diminished over time until 

no significant difference remained by day 21. In contrast, Ga3+ 

release was initially low on both surfaces on day 0, with only a 

modest difference between them, but gradually increased over 

time and peaked at the top surface on day 21 before leveling 

off. These results indicate that NIR irradiation establishes the 

spatiotemporal concentration gradients of reactive species within 

the pre-gel matrix, ascribed to the enhanced dynamic deactiva

tion/activation reactions and NIR light attenuation through the 

film thickness.16,54 Furthermore, the spatiotemporal evolution of 

reactive species was highly dependent on both the LMP concen

tration and the NIR irradiation duration (Figures 1D–1F; 

Figures S9–S11). By optimizing the LMP concentration (10.71 
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Figure 1. Spatiotemporal evolution of reac

tive species 

(A) Schematic of the design and principle of the 

STERS system. 

(B) Schematics for the self-sustaining generation 

of spatiotemporally evolving reactive species (RS, 

radicals and ions) for up to 4 weeks following a 

single NIR exposure. 

(C) Fluorescence image analysis demonstrating 

that a single NIR irradiation (808 nm, 2 W cm− 2, 

1 min) induces spatiotemporal concentration 

gradients of radicals (orange dots) and Ga3+ ions 

(blue dots) within the pre-gel matrix. 

(D) EPR spectra of hydroxyl radical and alkyl 

radical generated in the STERS system (NIR 1 min) 

from day 0 to day 35. 

(E) Time-dependent generation of ⋅OH in the 

STERS system (no NIR, NIR 1 min, and NIR 2 min) 

from day 0 to day 35. 

(F) Time-dependent generation of Ga3+ in the 

STERS system (no NIR, NIR 1 min, and NIR 2 min) 

from day 0 to day 35.

wt %) and NIR irradiation duration 

(1 min), the radical concentration reached 

approximately 8.48 × 10− 7 M on day 0, 

with sustained generation up to 21 days 

(day 21: approximately 7.46 × 10− 8 M, 

Figures 1D and 1E). Similarly, Ga3+ gener

ation persisted for 21 days, reaching 

approximately 717 mg L− 1 on day 30 

(Figure 1F). Collectively, these results 

demonstrate that by kinetically modu

lating the deactivation and activation re

actions, the STERS system enables life- 

like, self-sustaining generation of reactive 

species, with spatiotemporal concentra

tions sufficient to induce further 

gelation.55

Light-induced spatiotemporal 

gelation

We next investigated the light-induced 

spatiotemporal gelation process. Upon 

NIR irradiation, the LMPs embedded within the pre-gel film 

rapidly absorbed NIR energy, leading to localized temperature 

increases (Figure S12). This photothermal effect resulted in con

centration gradients of reactive species, thereby inducing 

spatiotemporal gelation (Figure 2A). As the LMPs were progres

sively consumed during the generation of radical species and 

Ga3+ ions, the residual monomers in the pre-gel film underwent 

polymerization and crosslinking, forming both covalently and 

physically crosslinked networks. As shown in Figure 2B, both 

the size and number of LMPs decreased markedly by day 15 

and were nearly depleted by day 30, relative to day 0, consistent 

with their sustained generation of reactive species. Correspond

ingly, AAm and AAc underwent polymerization, as shown in 

Figures 2C and S13. At the initial stage (day 0), AAc polymeriza

tion was dominant because of the strongly acidic precursor 
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Figure 2. Light-induced spatiotemporal gelation 

(A) Schematic for the progressive establishment of spatiotemporally evolving crosslinking gradients, including covalently and physically crosslinked networks, 

induced by light. 

(B) EDS mapping showing LMP consumption within the hydrogel film after a single NIR irradiation (808 nm, 2 W cm− 2, 1 min). Scale bars: 10 μm. 

(C) Monomer conversion rates of AAm and AAc from day 0 to day 35. 

(legend continued on next page) 
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environment, in which AAc remained largely undissociated and, 

thus, more reactive, whereas AAm was protonated and became 

less reactive, as reported previously.56,57 By day 14, the mono

mer conversions of both AAm and AAc exceeded ∼90%, indi

cating that covalent crosslinking had become the predominant 

process during this period. Notably, Fourier transform infrared 

(FTIR) spectra revealed a new absorption band at 1,614 cm− 1 af

ter 14 days (Figure 2D; Figure S14), attributable to the coordina

tion interactions between carboxyl groups and Ga3+ ions,50 sug

gesting that physical crosslinks became predominant at the later 

stage. Together, these results demonstrate that NIR irradiation 

induces the sequential formation of covalently and physically 

crosslinked networks within the hydrogel. Moreover, fluores

cence imaging confirmed the presence of NIR light-induced 

spatiotemporally evolving crosslinking gradients within the hy

drogel (Figure S15).

This evolving crosslinking density gradient was further 

confirmed by scanning electron microscopy (SEM) analysis. As 

shown in Figures 2E and S16, the hydrogel film initially exhibited 

a uniform porous structure. After NIR irradiation, however, the 

pore sizes at the top surface decreased markedly, whereas the 

bottom surface largely retained its original morphology. These 

results indicate a more densely crosslinked polymer network at 

the top and a looser network at the bottom. Notably, the cross

linking density gradient persisted for over 4 weeks after a single 

NIR irradiation. An additional line of evidence for the light- 

induced spatiotemporal crosslinking density gradient was pro

vided by atomic force microscopy (AFM) mapping of Young’s 

modulus (Figure 2F). Before NIR irradiation, Young’s modulus 

values were similar at both the top and bottom surfaces and 

increased gradually over 4 weeks (Figures S17A and S17B). After 

NIR irradiation, the Young’s modulus at the top surface 

increased sharply from 8.31 ± 0.03 MPa on day 0 to 135.37 ± 

15 MPa on day 15 and 238.93 ± 36.3 MPa on day 30, indicating 

progressive stiffening of the hydrogel network (Figures 2F and 

2G). In contrast, the bottom surface showed only a modest in

crease, from 1.84 ± 0.00 MPa on day 0 to 5.6 ± 0.01 MPa on 

day 15 and 9.47 ± 2.33 MPa on day 30, reflecting a comparatively 

softer network structure. The modulus difference could be 

further increased by extending the NIR irradiation duration 

(Figures S17C and S17D).

Notably, this light-induced crosslinking density gradient re

sulted in differential swelling across the film thickness, producing 

out-of-plane stress and consequently causing bending toward 

the irradiation direction.58–60 The bending angle could be modu

lated by adjusting the irradiation duration and film thickness 

(Figure 2H; Figures S18 and 19). Remarkably, this morphological 

evolution persisted for up to 4 weeks, and its duration could be 

tuned by varying the irradiation duration, LMP concentration, 

or monomer ratio (Figure 2I; Figures S20–S22). Importantly, 

this strategy is also applicable to diverse monomers 

(Figure S23), as various functional groups can interact with 

LMPs.33 Collectively, these results indicate that hydrogel 

morphological evolution can be modulated over timescales 

ranging from minutes to weeks, a capability not achievable in 

conventional fully polymerized systems.

Multiscale morphological evolution

We next investigated programmable morphological evolution in 

hydrogels. To begin, a structural color hydrogel film with a but

terfly motif, embedded with highly ordered polystyrene (PS) 

colloidal crystals, exhibited progressive color changes over 

extended timescales. As shown in Figure 3A, a PS colloidal crys

tal film was first assembled and then infused with the hydrogel 

precursor (see supplemental methods). The progressive gelation 

process increased the crosslinking density of the structural color 

hydrogel film, thereby gradually decreasing the lattice spacing of 

the colloidal crystal structure (Figure S24), as evidenced by 

visible color changes and corresponding shifts in the reflectance 

spectra. Figure 3B shows that the structural color of the butterfly 

motif evolved from red to green over 1 month, with the reflection 

peak blue shifting from 617 to 568 nm. Such evolving structural 

coloration not only provides a vivid, real-time indicator of gela

tion progress across a month-long timescale but also mimics 

biological morphodynamics at the microscale.61

Beyond microscale morphological evolution, the incorporation 

of patterned NIR irradiation during gelation enables programma

ble macroscale shape transformation of hydrogels. For example, 

directing NIR light through a 45◦-angled grating induced a helical 

deformation of an initially planar hydrogel sheet. As shown in 

Figure 3C, the flat film (day 1) progressively twisted into a helix 

by day 5, reached equilibrium after 30 days, and became trans

parent by day 35, consistent with the gradual consumption of 

LMPs (Figure 2B). Notably, immersion in ethylene diamine tetra

acetic acid (EDTA) solution competitively chelated Ga3+ ions 

from physical crosslinking sites, reducing network density and 

reversibly restoring the original day-1 morphology (Figures 3C 

and 3D), in agreement with the gelation process. Extending 

this strategy, a mushroom-shaped arched film subjected to 

patterned illumination gradually flattened over 14 days and sta

bilized by day 28, mimicking the growth dynamics of natural 

mushrooms (Figure 3E; Figure S25). Importantly, site-specific 

pre-gel irradiation enabled reliable and reversible morphological 

reprogramming. As illustrated in Figure 3F, a flat star-shaped 

pre-gel film underwent sequential bending at five neck regions 

(sites 1–5) upon localized NIR irradiation along the thickness di

rection, generating crosslinking gradients. Subsequent irradia

tion from the opposite side erased these gradients and restored 

(D) FTIR spectra of the hydrogel film after a single NIR irradiation (1 min) from day 0 to day 35. 

(E) SEM images showing the evolution of cross-sectional morphology of the hydrogel film after a single NIR irradiation (1 min) from day 0 to day 14 to day 30. Scale 

bars: 10 μm. 

(F) Young’s modulus mapping of the top and bottom surfaces of the hydrogel film after a single NIR irradiation (1 min) from day 0 to day 15 to day 30. Scale bars: 

2.5 μm. 

(G) Young’s modulus of both the top and bottom surfaces of the hydrogel film increases from day 0 to day 15 and to day 30 after a single NIR irradiation (1 min). 

(H) Evolution of the bending dynamics in hydrogel sheets under different NIR irradiation conditions (no NIR, 1 min, and 2 min) over 5 weeks. 

(I) Phase diagram illustrating the morphological evolution of hydrogel sheets as a function of irradiation duration, LMP concentration, and monomer ratio.
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Figure 3. Multiscale morphological evolution 

(A) Schematic for the evolving structural coloration of a butterfly-motif hydrogel film, resulting from the decreased lattice spacing (d1–d2) of the PS colloidal crystal 

structures. 

(B) Structural color change of the butterfly-motif hydrogel film from initial red to final green over 1 month, accompanied by blue-shifted reflection peaks. Scale 

bars: 500 μm. 

(C and D) NIR irradiation (2 W cm− 2, 1 min) through a 45◦-angled grating induces a helical transformation of a planar hydrogel sheet from day 0 to day 44. Scale 

bars: 1 cm. 

(legend continued on next page) 
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the flat configuration, allowing repeated cycles of light-written 

and light-erased deformation (Figure S26). Compared with previ

ous strategies, this approach offered distinct advantages, 

including self-sustained reactive species generation and gela

tion, morphological evolution spanning timescales from minutes 

to a month, high programmability, and superior compatibility to 

various monomers (Figure 3G; Table S1).14,22–26,62,63 These fea

tures provide new opportunities for morphological evolutional 

hydrogels in biomedical domains that require operation across 

specific biological lifecycles.

Diverse biomedical applications

Directional differentiation of stem cells is essential for engineer

ing complex tissues, such as neural and bone constructs, and 

critically depends on the precise regulation of biochemical and 

biophysical cues within a dynamically evolving cellular microen

vironment.2,44,64,65 However, conventional materials generally 

provide static biomechanical cues and lack the spatiotemporal 

adaptability required to recapitulate such dynamic conditions, 

thereby limiting their effectiveness in guiding stem cell fate. To 

address this limitation, we developed a light-induced evolutional 

platform (Evol-P) capable of microscale morphological evolu

tion, enabling the regulation of stem cell differentiation through 

dynamic topographical cues. As illustrated in Figures 4A and 

4B and Figure S27, Evol-P was fabricated by encapsulating a 

morphology-evolving hydrogel (Evol-gel) film between two pre- 

prepared polydimethylsiloxane (PDMS) films, one bearing micro

grooves on its surface, followed by 1 min of NIR irradiation and 

subsequent seeding of mesenchymal stem cells (MSCs) (see 

supplemental methods). This platform provided a biocompatible 

and dynamic microenvironment that allowed remote and precise 

modulation of MSC differentiation (Figures S28 and S29). In the 

absence of NIR irradiation, the internal width of the static micro

groove structures (control) remained constant at 9.8 μm, promot

ing osteogenic differentiation, as evidenced by increased Runx2 

expression (Figure S30). After a single NIR exposure, the micro

groove width in the evolutional platform (Evol-P1) gradually 

decreased from 9.8 to 9.2 μm over 6 days, still favoring osteo

genic differentiation but with slightly reduced Runx2 expression 

(Figures 4C and 4E). Notably, a second NIR irradiation applied af

ter 3 days of culture further reduced the microgroove width to 

8.7 μm (Evol-P2), which effectively promoted neural differentia

tion, as indicated by increased Tuj-1 expression and decreased 

Runx2 expression (Figures 4D and 4E). These results demon

strate that the spatiotemporally evolving platform, enabled by 

adaptive microscale topographical modulation, provides a dy

namic biomechanical environment with great potential for tissue 

engineering and next-generation intelligent biomedical 

devices.66,67

Besides, bioelectronic devices for recording or stimulating 

neural activity hold significant promise for treating neurological 

disorders.32,45,68,69 However, conventional bioelectronics, typi

cally characterized by fixed morphologies, cannot accommodate 

the dynamic growth of biological tissues. This mismatch may lead 

to interfacial signal loss, necessitate additional surgical interven

tions, and increase the risk of complications.29,70–72 To overcome 

these limitations, we developed macroscale shape-evolving bio

electronics (Evol-E) by integrating a PDMS-encapsulated shape- 

evolving hydrogel onto flexible electrode arrays with 30 channels, 

enabling chronic monitoring of EEG signal evolution in the 

growing skull of 2-week-old rats (P14) (see supplemental 

methods). During development, the skull surface undergoes pro

nounced morphological changes (Figure 4F), accompanied by 

substantial variations in neuronal number, maturation, and 

network connectivity, which can be visualized through neural 

network mapping. As shown in Figures 4G–4I, both Evol-E and 

control electrodes exhibited comparable neural network 

complexity and connectivity at P14, as both conformed well to 

the relatively flat brain surface at this stage. By P21, neural 

network mapping revealed increased complexity and connectiv

ity in the Evol-E group compared with controls, as evidenced by a 

greater number of connections between nodes (Figure 4J). 

This improvement is attributed to the dynamically evolving 

morphology of Evol-E, which enables spatiotemporal adaptation 

to growing brain (Figure S31). Notably, by P28, the Evol-E group 

demonstrated a marked increase in both total connections and 

connected nodes, surpassing the control group due to superior 

morphological conformity between the device and the devel

oping brain (Figures S31–S37). These findings were further sup

ported by the synchronization score mapping, which showed 

enhanced and dominated γ, θ, and β band activities, indicative 

of neural circuit maturation (Figures 4H and 4I; Figures S32– 

S34). Collectively, these results demonstrate that shape-evolving 

bioelectronics can conform to the developing neural tissue, 

enabling more accurate neural signal mapping and providing a 

novel strategy for studying brain function evolution and devel

oping dynamically adaptive brain-machine interfaces.45,73

Conclusions

In summary, we report a new strategy for kinetically modulating 

the vinyl monomer-mediated deactivation and activation reac

tions of gallium-based LMPs, enabling life-like, self-sustained 

generation of STERS to program hydrogel morphological evolu

tion across multiple timescales. This STERS system sustains 

concentration gradients of reactive species (radicals and ions) 

for up to 4 weeks following a single NIR exposure, enabling 

continuous free radical polymerization and ionic complexation 

that progressively establish spatiotemporally evolving crosslink

ing gradients within the hydrogel networks. Notably, this innova

tive strategy enables programmable, life-like morphological evo

lution of hydrogels spanning microscopic to macroscopic 

scales, minutes to weeks, and single to multiple transformation 

cycles. We further extend these morphology-evolving hydrogels 

to biomedical applications, including directing stem cell 

(E) Mimicking the natural growth dynamics of a mushroom by exposing a mushroom-shaped arched hydrogel film to patterned NIR irradiation (2 W cm− 2, 1 min). 

Scale bars: 1 cm. 

(F) Sequential bending of a flat star-shaped pre-gel film at five neck positions (sites 1–5) upon precise NIR targeting along the thickness direction. Scale bars: 

0.5 cm. 

(G) Comparison of shape-morphing hydrogels between this work and previously reported studies across five criteria. Y, yes; N, no; NG, not given.
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Figure 4. Diverse biomedical applications 

(A) Schematic of the light-induced evolutional platform (Evol-P) with microscale morphological adaptability for directing stem cell differentiation. 

(B) Photography of Evol-P and SEM image showing its surface morphology. Scale bars: 10 μm. 

(C) Fluorescence images showing the osteogenic differentiation of MSCs on control device, Evol-P1 (single NIR irradiation), and Evol-P2 (twice NIR irradiation). 

Scale bars: 100 μm. 

(D) Fluorescence images showing neural differentiation of MSCs on control device, Evol-P1, and Evol-P2. Scale bars: 100 μm. 

(legend continued on next page) 
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differentiation toward osteogenic and neural lineages over days, 

and monitoring EEG signals in the developing brain over weeks. 

These findings highlight that STERS and morphology-evolving 

hydrogels offer a transformative strategy for developing next- 

generation intelligent materials and devices, with broad implica

tions for robotics, regenerative medicine, and brain-machine 

interfaces.

METHODS

Further details regarding the methods can be found in the 

supplemental methods.
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reactivity ratios in the copolymerization of acrylic acid and acrylamide. 

J. Polym. Sci.: Polym. Chem. 9, 2155–2170. https://doi.org/10.1002/pol. 

1971.150090805.

57. Riahinezhad, M., Kazemi, N., McManus, N., and Penlidis, A. (2013). 

Optimal estimation of reactivity ratios for acrylamide/acrylic acid copoly

merization. J. Polym. Sci., Part A: Polym. Chem. 51, 4819–4827. https:// 

doi.org/10.1002/pola.26906.

58. Du, X., Cui, H., Sun, B., Wang, J., Zhao, Q., Xia, K., Wu, T., and Humayun, 

M.S. (2017). Photothermally triggered shape-adaptable 3D flexible elec

tronics. Adv. Mater. Technol. 2, 1700120. https://doi.org/10.1002/admt. 

201700120.

59. Du, X., Cui, H., Zhao, Q., Wang, J., Chen, H., and Wang, Y. (2019). Inside- 

out 3D Reversible Ion-Triggered Shape-Morphing Hydrogels. Research 

2019, 6398296.

60. Hu, H., Huang, C., Galluzzi, M., Ye, Q., Xiao, R., Yu, X., and Du, X. (2021). 

Editing the shape morphing of monocomponent natural polysaccharide 

hydrogel films. Research 2021, 9786128.

61. Bagnara, J.T., and Hadley, M.E. (1973). Chromatophores and Color 

Change: The Comparative Physiology of Animal Pigmentation (Prentice 

Hall Inc).

62. Jian, N., Guo, R., Zuo, L., Sun, Y., Xue, Y., Liu, J., and Zhang, K. (2023). 

Bioinspired self-growing hydrogels by harnessing interfacial polymeriza

tion. Adv. Mater. 35, 2210609. https://doi.org/10.1002/adma.202210609.

63. Zhang, J., Liao, J., Liu, Z., Zhang, R., and Sitti, M. (2023). Liquid metal mi

crodroplet-initiated ultra-fast polymerization of a stimuli-responsive hy

drogel composite. Adv. Funct. Mater. 34, 2308238. https://doi.org/10. 

1002/adfm.202308238.

64. Chaudhuri, O., Cooper-White, J., Janmey, P.A., Mooney, D.J., and She

noy, V.B. (2020). Effects of extracellular matrix viscoelasticity on cellular 

behaviour. Nature 584, 535–546. https://doi.org/10.1038/s41586-020- 

2612-2.

65. Xi, W., Saw, T.B., Delacour, D., Lim, C.T., and Ladoux, B. (2018). Material 

approaches to active tissue mechanics. Nat. Rev. Mater. 4, 23–44. https:// 

doi.org/10.1038/s41578-018-0066-z.

66. Zhao, Q., Wang, J., Wang, Y., Cui, H., and Du, X. (2020). A stage-specific 

cell-manipulation platform for inducing endothelialization on demand. 

Natl. Sci. Rev. 7, 629–643. https://doi.org/10.1093/nsr/nwz188.

67. Zhao, Q., Wang, J., Cui, H., Chen, H., Wang, Y., and Du, X. (2018). Pro

grammed shape-morphing scaffolds enabling facile 3D endothelialization. 

Adv. Funct. Mater. 28, 1801027. https://doi.org/10.1002/adfm.201801027.

68. Yi, J., Zou, G., Huang, J., Ren, X., Tian, Q., Yu, Q., Wang, P., Yuan, Y., 

Tang, W., Wang, C., et al. (2023). Water-responsive supercontractile 

polymer films for bioelectronic interfaces. Nature 624, 295–302. https:// 

doi.org/10.1038/s41586-023-06732-y.

69. Kim, E., Jeong, E., Hong, Y.-M., Jeong, I., Kim, J., Kwon, Y.W., Park, Y.-G., 

Lee, J., Choi, S., Kim, J.-Y., et al. (2025). Magnetically reshapable 3D 

multi-electrode arrays of liquid metals for electrophysiological analysis 

of brain organoids. Nat. Commun. 16, 2011. https://doi.org/10.1038/ 

s41467-024-55752-3.

70. Zhu, X., Wang, F., Zhao, Q., and Du, X. (2024). Adaptive interfacial mate

rials and implants for visual restoration. Adv. Funct. Mater. 34, 2314575. 

https://doi.org/10.1002/adfm.202314575.

71. Sheng, H., Liu, R., Li, Q., Lin, Z., He, Y., Blum, T.S., Zhao, H., Tang, X., 

Wang, W., Jin, L., et al. (2025). Brain implantation of soft bioelectronics 

via embryonic development. Nature 642, 954–964. https://doi.org/10. 

1038/s41586-025-09106-8.

72. Zhu, X., Zhao, Q., Wang, Y., and Du, X. (2026). Multifunctional ferroelectric 

bioelectronic interfaces for long-term biosafe vagus nerve modulation. 

Adv. Mater. 38, e73023. https://doi.org/10.1002/adma.73023.

73. Zhao, Q., Meng, Q., Peng, M., Lu, Z., Liu, Z., Jiang, X., Zheng, H., and Du, 

X. (2026). A biointegrated living brain stimulator evokes specific neural sig

nalling. Preprint at bioRxiv. https://doi.org/10.64898/2026.05.22.725279. 

Please cite this article in press as: Nie et al., Self-sustaining reactive species program morphological evolution across timescales in hydrogels, Matter 

(2026), https://doi.org/10.1016/j.matt.2026.103004

Matter 9, 103004, December 2, 2026 11 

Article
ll

https://doi.org/10.1038/s41467-023-39928-x
https://doi.org/10.1038/s41467-023-39928-x
https://doi.org/10.1002/adma.202310956
https://doi.org/10.1002/adma.202310956
https://doi.org/10.1016/j.cej.2019.123788
https://doi.org/10.1016/j.cej.2019.123788
https://doi.org/10.1038/s41928-022-00914-8
https://doi.org/10.1038/s41928-022-00914-8
https://doi.org/10.1021/accountsmr.1c00173
https://doi.org/10.1021/accountsmr.1c00173
https://doi.org/10.1016/j.matt.2024.04.038
https://doi.org/10.1002/adma.202003553
https://doi.org/10.1021/ja963361g
https://doi.org/10.1021/ja963361g
https://doi.org/10.1002/pol.1971.150090805
https://doi.org/10.1002/pol.1971.150090805
https://doi.org/10.1002/pola.26906
https://doi.org/10.1002/pola.26906
https://doi.org/10.1002/admt.201700120
https://doi.org/10.1002/admt.201700120
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref59
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref59
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref59
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref60
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref60
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref60
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref61
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref61
http://refhub.elsevier.com/S2590-2385(26)00367-X/sref61
https://doi.org/10.1002/adma.202210609
https://doi.org/10.1002/adfm.202308238
https://doi.org/10.1002/adfm.202308238
https://doi.org/10.1038/s41586-020-2612-2
https://doi.org/10.1038/s41586-020-2612-2
https://doi.org/10.1038/s41578-018-0066-z
https://doi.org/10.1038/s41578-018-0066-z
https://doi.org/10.1093/nsr/nwz188
https://doi.org/10.1002/adfm.201801027
https://doi.org/10.1038/s41586-023-06732-y
https://doi.org/10.1038/s41586-023-06732-y
https://doi.org/10.1038/s41467-024-55752-3
https://doi.org/10.1038/s41467-024-55752-3
https://doi.org/10.1002/adfm.202314575
https://doi.org/10.1038/s41586-025-09106-8
https://doi.org/10.1038/s41586-025-09106-8
https://doi.org/10.1002/adma.73023
https://doi.org/10.64898/2026.05.22.725279

	Self-sustaining reactive species program morphological evolution across timescales in hydrogels
	Introduction
	Results and discussion
	Sustained generation of reactive species
	Light-induced spatiotemporal gelation
	Multiscale morphological evolution
	Diverse biomedical applications
	Conclusions

	Methods
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References

	MATT103004_proof - Copy.pdf
	Self-sustaining reactive species program morphological evolution across timescales in hydrogels
	Introduction
	Results and discussion
	Sustained generation of reactive species
	Light-induced spatiotemporal gelation
	Multiscale morphological evolution
	Diverse biomedical applications
	Conclusions

	Methods
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References





