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Self-regulating hydrogels

ABSTRACT: Self-regulating hydrogels represent the next generation in the development of ’

soft materials with active, adaptive, autonomous, and intelligent behavior inspired by
sophisticated biological systems. Nature provides exemplary demonstrations of such self- "
regulating behaviors, including muscle tissue’s precise biochemical and mechanical feedback feedbackloop | | “<ar

mechanisms, and coordinated cellular chemotaxis driven by dynamic biochemical signaling. "

Building upon these natural examples, self-regulating hydrogels are capable of spontaneously i

modulating their structural and functional states through integrated negative feedback loops.

In this review, the key design principles and implementation strategies for self-regulating hydrogel actuators are comprehensively
summarized. We first systematically classify self-regulating hydrogels into sustained regulation, involving continuous modulation
cycles under constant stimuli and one-cycle regulation, characterized by transient transitions driven by specific chemical fuels.
Thereafter, the underlying mechanisms, types of hydrogels used, fuels, oscillation periods, amplitudes, and potential applications are
highlighted. Finally, current scientific challenges and future opportunities for enhancing the robustness, modularity, and practical
applicability of self-regulating hydrogel actuators are discussed. This review aims to provide structured guidelines and inspire
interdisciplinary research to further develop advanced hydrogel-based regulatory systems for applications such as soft robotics,
autonomous sensors, responsive biomedical devices, and adaptive functional materials.
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Figure 1. General description of the field. (a) Self-regulated actuation in muscle tissue, where ATP-driven contraction and relaxation are tightly
controlled through biochemical feedback and energy dissipation. (b) Schematic representation of the self-regulated aggregation of Dictyostelium
discoideum triggered by starvation-induced cyclic adenosine monophosphate (cAMP) signaling. Collective chemotaxis is achieved through gel—sol—
gel transitions that underlie amoeboid movement. (c) Correlation from static hydrogels to complex biological systems in terms of autonomy and
sophistication. (d) Schematic graph of stimuli-responsive hydrogel deformation according to external stimulus variation. (e) Schematic graph of

self-regulating hydrogel deformation under a constant stimulus.

A representative example is muscle tissue (Figure 1a), which
functions as a self-regulating actuator through tightly
controlled biochemical and mechanical feedback loops.'*~"*
Contraction is initiated by calcium ion signaling and regulated
via the troponin—tropomyosin complex, enabling precise and
reversible force generation. This process is sustained by ATP
hydrolysis, during which ATP is converted to ADP with
concomitant dissipation of the chemical energy. Feedback
mechanisms modulating calcium dynamics allow for coordi-
nated transitions between contraction and relaxation, thereby
enabling rhythmic and adaptive muscular function. Other
prominent examples are found in Dictyostelium discoideum
(Figure 1b), which transitions from a vegetative state to
aggregation through collective chemotaxis.”~'> When nu-
trients are scarce, individual cells begin to move in a
coordinated manner by sensing and secreting cyclic adenosine
monophosphate (cAMP), creating a positive feedback loop
that amplifies the signal. Importantly, this signaling is
controlled by a delayed negative feedback mechanism, which
temporarily reduces the cells’ sensitivity to cAMP. This
prevents continuous activation and allows the signal to pause
periodically. Collective chemotaxis proceeds through amoe-
boid locomotion, which relies on sol—gel transitions driven by
the dynamic interplay between actin polymerization and
depolymerization. At the leading edge, monomeric G-actin
assembles into filamentous F-actin, while disassembly at the
rear facilitates cytoskeletal turnover.'®”'® Crucially, these
polymerization—depolymerization dynamics are tightly regu-
lated through biochemical and mechanical feedback mecha-
nisms, enabling the system to autonomously adapt its
cytoskeletal structure in response to environmental cues.
These coordinated, self-regulated mechanical changes enable
directional migration.

Inspired by such biological systems, researchers have
pursued the development of artificial materials capable of
mimicking self-regulated actuation. Among various platforms,
hydrogels—cross-linked polymer networks swollen with
water—are particularly advantageous owing to their intrinsic
flexibility, enabling significant deformation. ?=21 Burthermore,
their open system facilitates efficient transport and exchange of
substances between the internal hydrogel matrix and the
surrounding environment.”>>* Due to these characteristics,
hydrogels can effectively function as reaction media, facilitating
chemical reactions by allowing species to diffuse into their
internal matrix.”>*® These reactions can drive water transport
in and out, leading to structural deformation.”” Moreover, if
the cross-linked polymers within the gel spontaneously
undergo dissociation or depolymerization, this can mimic the
polymerization—depolymerization dynamics observed between
actin monomeric subunits (G-actin) and filamentous actin (F-
actin), driving sol—gel transitions reminiscent of the
fundamental processes underlying various forms of cell
motility.”®

Among these, stimuli-responsive hydrogels are particularly
notable for their ability to undergo significant and reversible
changes in shape,”” ™" stiffness,” viscoelasticity™ or turbid-
ity in response to external stimuli. However, stimuli-
responsive systems require external stimuli or fuels for each
transition. Specifically, these systems rely on one external input
for deformation and another independent external input or
on—off switching to revert to the original state. By embedding
tfeedback mechanisms within their polymer network, hydrogels
can overcome this limitation and achieve self-regulating
transitions exhibiting swelling—shrinking behaviors, sol—gel
phase transitions, assembly—disassembly processes, and trans-
parent—opaque changes under constant stimulation. These
hydrogels are termed “self-regulating hydrogels”. Their ability
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Table 1. Comparison Table between Stimuli-Responsive Hydrogels and Self-Regulating Hydrogels

Aspect Stimuli-responsive hydrogels

Trigger for cyclic
actuation

On—off switching of external stimuli

Operation condition  Simply exposed to external stimuli

Self-regulating hydrogels

A single stimulus or constant environment

Coexistence of activating factors (chemical or light fuels) and inhibiting factors (light/

diffusion blocking, or chemical deactivators)

Feedback loop origin  None
Thermodynamic state Toward an equilibrium
Autonomy No (passive actuation)
Intelligence Low

Low (requires alternating stimuli for

Energy efficiency
sustained motion)

Applications Externally controlled actuators, drug

delivery, sensors

Intrinsic (embedded within the hydrogel)
Nonequilibrium

Yes (autonomous actuation)

High (memory, programmability, decision-making)

High (utilizes internal feedback loops for autonomous actuation under constant input)

Autonomous actuators, power generation, transient information storage

to spontaneously transduce chemical fuels into mechanical
output aligns closely with the core principles of biological self-
regulation. Recent advances in materials chemistry and
dynamic network design have advanced these systems toward
increasingly complex and adaptive behaviors.

The evolution from static hydrogels to self-regulating
hydrogels and ultimately to biological systems represents an
increasing gradient of autonomy and sophistication (Figure
1c). Here, autonomy refers to the hydrogel’s capability to
undergo actuation independently without continuous external
stimulus control, while sophistication denotes the complexity
of internal structural design and the number of integrated
feedback mechanisms. Static hydrogels maintain equilibrium
states defined by the balance between osmotic pressure and
elastic pressure within the gel network.””**™" In contrast,
stimuli-responsive hydrogels seek new equilibrium states in
response to external chemical (e.g., pH,38_41 ionic
strength*>*®), physical (e.g, temperature,**™*° light,*"**
magnetic field,* electric field*°), or biological (e.g.,
enzyme,”"”> DNA****) stimuli. Their operating conditions
are simply exposed to the aforementioned stimuli. During this
process, mechanical deformation or morphological transi-
tions—collectively termed “actuation”—occur (Figure
1d).>>™>” However, once altered, the hydrogel maintains its
changed state and ultimately reaches equilibrium as long as the
external stimulus remains constant, highlighting the absence of
intrinsic intelligence. Consequently, to achieve oscillatory
actuation characterized by repetitive deformation and recovery
cycles, external stimuli must be periodically switched on and
off. From the perspective of energy efficiency, this approach is
considered low due to the continuous requirement for
alternating stimuli to sustain motion. By contrast, self-
regulating hydrogels embed internal feedback loops within
their polymer network,”®*”*® enabling them to autonomously
exhibit deformation and recovery in response to a single or
constant stimulus (Figure 1e).””°*% This intrinsic integration
of feedback loops provides self-regulating hydrogels with
physical intelligence (includinﬁg memory, programmability,
decision-making capabilities),”®” inherently maintaining a
nonequilibrium state without additional external stimuli.
Consequently, they exhibit high energy efficiency as they
utilize internal feedback loops for autonomous actuation under
constant input, enabling long-term and repeatable operation
without the need for repeated external interventions. These
distinguishing aspects between stimuli-responsive hydrogels
and self-regulating hydrogels are systematically summarized in
Table 1. Thus, the intrinsic capability of self-regulating
hydrogels to autonomously modulate their structure bridges

the gap between engineered materials and biological systems,
offering significant potential for applications requiring
autonomous adaptive behaviors without continuous external
intervention. While traditional stimuli-responsive hydrogels
have been widely explored as externally controlled actuators,
drug delivery systems, and sensors, self-regulating hydrogels
provide advanced functionalities, such as autonomous
actuators for soft robotics, self-sustaining power generation,
and transient information storage. These unique capabilities
position self-regulating hydrogels as promising next-generation
intelligent materials with broad applicability in diverse fields.

This review explores the fundamental principles, synthetic
strategies, and emerging applications of self-regulating hydrogel
actuators. We first discuss the underlying mechanisms
governing these actuators followed by an in-depth examination
of their material properties, feedback mechanisms, and
regulatory capabilities. Subsequently, we review recent
advances, address current limitations, and identify key
challenges in the achievement of self-regulating motion.
Finally, we highlight future perspectives and opportunities to
advance self-regulating hydrogels toward practical applications
in adaptive functional materials and soft robotics.

2. DESIGN PRINCIPLES OF SELF-REGULATING
HYDROGEL ACTUATORS

Feedback loops play a crucial role in regulating dynamic
systems by influencing the system’s response based on its own
output. Positive feedback loops amplify the effects of an initial
stimulus, reinforcing and escalating the response (Figure
2a).°%%° This self-reinforcing mechanism is commonly

a Positive b Negative
feedback

feedback
\ \
\
+ wL7 - TX/‘
C Stimulus T) [ Response ) C Stimulus ¢j ( Response ]
R 4 R\\\\ //

Figure 2. Schematics of (a) positive and (b) negative feedback.

observed in biological and chemical systems, such as
autocatalytic reactions, where product accumulation enhances
their own formation.

In contrast, negative feedback loops function as stabilizing
mechanisms by reducing stimulus effects, thereby preventing
excessive fluctuations and thereby maintaining system stability
(Figure 2b).”””" Crucially, negative feedback mechanisms are
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Figure 3. Various actuations of self-regulating hydrogel and dynamic interactions in responsive hydrogels. (a) Self-regulating hydrogel actuators
undergo behaviors such as sol—gel transitions, swelling—shrinking, and disassembly—assembly processes. (b) Responsive hydrogels are categorized
into chemical and physical types, constructed via various dynamic interactions in molecular-scale, including electrostatic interaction, hydrogen
bond, dynamic covalent bond, hydrophobic interactions, 7—7 interaction, and host—guest interaction.

central to sustaining nonequilibrium (or out-of-equilibrium)
dynamics, as they enable continuous correction and adaptive
modulation away from thermodynamic equilibrium or steady
states. Classical thermodynamics dictates that all systems
inherently progress toward equilibrium states of maximum
entropy or minimum free energy.’”’” Therefore, the
realization of sustained nonequilibrium states remains
fundamentally difficult, demanding mechanisms capable of
actively countering these intrinsic thermodynamic tendencies.

Biological systems sustain adaptive dynamic behaviors
through intricate feedback pathways that continuously
modulate internal states in response to external stimuli. To
replicate such self-regulating behaviors in synthetic materials,
carefully engineered negative feedback mechanisms are
essential. These mechanisms drive continuous internal
structural changes, enabling artificial actuators to robustly
maintain nonequilibrium conditions.*®”*

Self-regulating hydrogel actuators exhibit changes across
molecular, mesoscopic, and macroscopic scales, which are
observed as sol—gel transitions, swelling—shrinking of hydro-
gels, and disassembly assembly of microgels (Figure 3a). To
implement such self-regulating hydrogel actuators, responsive
hydrogels are first required. As shown in Figure 3b, responsive
hydrogels are categorized into chemical hydrogels, which form
covalently cross-linked polymer networks, and physical hydro-
gels, which form networks through noncovalent interac-
tions.”>’® The dynamic interactions in chemical or physical
hydrogels include electrostatic interactions,”’~”” hydrogen
bonding,*”*" hydrophobic interactions,**>** dynamic cova-
lent bonds,**™®® z—z interactions,®”*® and host—guest
interactions, enabling the reversible association and
dissociation of dynamic interactions between polymers.
Association—dissociation here denotes the repeated formation
and rupture of those reversible interactions; depending on the
system, such microscopic cycles may manifest macroscopically
as reversible sol—gel transitions and volume changes. These
interactions are modulated by stimuli, enabling structural

y

89,90

changes in the hydrogels. For instance, enzyme-mediated pH
changes can modulate electrostatic interactions,”””® and
thermoresponsive hydrogels exhibit shrinkage driven by
enhanced hydrophobic interactions.*”*>*> Furthermore, pep-
tide-based systems form reversible networks through hydrogen
bonding and z—7 interactions.”’ Selecting specific dynamic
interactions in self-regulating hydrogels can influences factors
such as reversibility, mechanical strength, and responsive-
ness.”””> Moreover, accurately describing the kinetics of self-
regulation demands consideration beyond dynamic interac-
tions alone. Polymer diffusion and substrate transport in and
out of the hydrogel networks often significantly influence the
overall response rate.”*™%° Therefore, when self-regulating
hydrogel actuators are designed, it is essential to carefully
coordinate the molecular-scale dynamic interactions with the
macroscopic diffusion and mass transport processes, taking
into account the intended function and underlying reaction
mechanisms of the system.

Building upon these regulatory principles, self-regulating
hydrogel actuators integrate responsive polymer networks with
negative feedback loops to achieve autonomous actuation.
Depending on the type of negative feedback loop, self-
regulating hydrogel actuators exhibit sustained or one-cycle
regulation determined by the interplay of spatiotemporal
dynamics, reaction sequences, and reaction kinetics (Figure 4).
In sustained regulation, the dissociation—association cycles of
dynamic interactions between polymers are continuously
driven by fuel under constant environmental conditions
(Figure 4a). This sustained regulation can be achieved through
mechanical and optical feedback loops or oscillatory chemical
reactions. Mechanical/optical feedback loops operate by
inducing shape deformation of the hydrogels upon fuel
injection (or exposure to stimuli such as light or chemicals),
moving the system away from the stimulus, followed by shape
recovery, subsequently reexposing the system to the initial fuel.
This leads to cyclic dissociation—association transitions of
dynamic interactions between polymers. Oscillatory chemical
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Figure 4. Negative feedback loops are implemented through two
strategies. (a) Sustained regulation, such as mechanically or optically
induced deformation and recovery cycles, and oscillatory chemical
reactions. (b) One-cycle regulation, driven by independent sequential
reactions, deactivator-driven reactions, fuel-decomposed reactions,
and competing reactions. In the schematic, light blue filled circles
represent dissociated states of dynamic interactions between polymers
(e.g, sol, swollen, or disassembled states), whereas dark blue filled
circles indicate associated states of dynamic interactions between
polymers (e.g., gel, shrunken, or assembled microgel states). For the
one-cycle regulation cases, “A” and “C” represent the fuels, while “B”
and “D” correspond to the waste products generated during the
reactions.

reactions involve chemical reaction networks composed of
various chemical species, which periodically alter the pH or
redox states of transition metal complexes to repeatedly
regulate the dissociation—association of dynamic interactions
between polymers.

In contrast, one-cycle regulation is characterized by a
transient association state of dynamic interactions between
polymers induced by an initial fuel, after which the system
spontaneously reverts to its original dissociation state under
constant conditions (Figure 4b). This regulation can be
classified into four categories: Independent sequential
reactions involve two separate reactions independently
controlling the dissociation and association of dynamic
interactions between polymers. Deactivator-driven reactions
feature a promoter initially inducing an association state from a
dissociation state with the subsequent production of a
deactivator within the system returning it to its original state.
Fuel-decomposed reactions utilize a transient association state
created by fuel that upon decomposition of the fuel itself
reverts to the initial dissociation state. Lastly, competing
reactions comprise two reaction pathways with distinct
kinetics, where the rapid first reaction induces association

from dissociation, followed by a slower competing reaction,
restoring the original dissociation state.

3. CLASSIFICATION OF SELF-REGULATING
HYDROGEL ACTUATORS

Self-regulating hydrogel actuators can be classified along four
components—fuel source, driving mechanism, change of
transducer, and regulation mode—as summarized in Figure
S. It systematically describes, for each entry: (i) the type of fuel
that initiates the regulation, accompanied by an illustrative
schematic representing representative actuation; (ii) the
driving mechanism that integrates the response to the fuel
into a negative feedback loop; (iii) the principal transducer of
dynamic interactions between polymers in the hydrogel; and
(iv) a regulation mode depicting representative time-depend-
ent responses during self-regulation. Thus, it presents a concise
landscape enabling effective comparisons across diverse self-
regulating hydrogel actuators.

4. SUSTAINED REGULATION

4.1. Design Criteria for Sustained Regulation

Sustained regulation in self-regulating hydrogel actuators can
be categorized according to the origin of their negative
feedback loops. In mechanical/optical feedback loops,
deformation of the hydrogel causes deviations in the
surrounding stimulus field (e.g, light intensity, temperature
gradients, reagent diffusion, or proton flux), and these changes
subsequently feed back into the hydrogel, completing a
mechanically or optically mediated negative feedback loop.
In contrast, sustained regulation driven by chemical oscillatory
reactions (e.g,, pH oscillators or Belousov—Zhabotinsky (BZ)
reactions) relies on periodically modulated internal chemical
variables, such as proton concentration or redox state,
independent of hydrogel deformation. Each mode is governed
by its own specific design criteria and inherent limitations.
Mechanical/optical feedback loops critically depend on three
essential factors to establish sustained out-of-equilibrium
dynamics. First, the rapid responsiveness of hydrogels to
external stimuli is imperative to continuously drive the system
away from equilibrium. Second, the shape and geometry of the
hydrogels significantly influence the establishment and
maintenance of mechanical feedback loops. Lastly, precise
spatial alignment between the hydrogel actuator and the
stimulus field is essential for establishing and maintaining
mechanical/optical regulation. Consequently, the amplitude
and frequency of these regulation cycles are inherently limited,
because their feedback loops depend on this fixed external
setup. Nonetheless, once the regulation cycle has been
initiated, the reaction kinetics and overall stability can still be
modulated, within the bounds set by the predefined alignment,
by tailoring the hydrogel’s chemical composition and network
architecture. In contrast, chemical oscillatory reactions,
including pH oscillators”” ' and the BZ reactions,'**'*
circumvent these constraints by exploiting external or internal
chemical reaction networks. In pH oscillator systems,
externally driven chemical oscillations are synchronized with
hydrogel actuation, enabling sustained regulation. Similarly, BZ
reaction-driven systems allow the hydrogel to absorb external
chemical fuel and generate self-oscillations within the matrix,
achieving sustained regulation. Unlike mechanical feedback
loops, chemical oscillatory systems do not require rapid
responsiveness, specialized hydrogel geometry, or precise
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spatial arrangements because the intrinsic chemical reaction
network inherently sustains the system out of equilibrium.
Therefore, the primary focus shifts to the design of intricate
chemical reaction networks capable of sustaining robust
oscillatory dynamics. However, chemical oscillatory systems
present their own significant limitations. Constructing such
reaction networks is inherently complex and challenging due to
intricate interactions among multiple chemical species. Addi-
tionally, instead of requiring rapid response to external stimuli,
these systems inherently rely on chemical reactions that
typically exhibit slow intrinsic kinetics. This intrinsic slowness
is further compounded by limited diffusion within the polymer
network and hindered mass transport of the reactants and
products. Nevertheless, these systems offer significant advan-
tages in terms of tunability, as both the amplitude and
frequency of oscillations can be effectively controlled by
adjusting parameters, such as reactant concentrations and
reaction conditions. Moreover, the efficiency and stability of
chemically driven oscillations can be further tuned by
engineering the hydrogel’s porosity and microstructure,

which modulate diffusion lengths, controlling both oscillation
amplitude and frequency.

4.2. Mechanical Feedback Loop

A mechanical feedback loop is a closed-loop operating cycle in
which spatiotemporal shape changes of hydrogels are induced
by environmental inputs, such as chemical reactions, light, and
heat. As illustrated in Figure 6a, it can be categorized into three
representative principles depending on the mechanisms. One
common approach involves placing a hydrogel actuator across
liquid bilayers, each inducing opposite swelling behaviors,
where time-dependent bending causes the gel to continuously
switch between bilayers, resultinﬁ in periodic spatiotemporal
shape changes (Figure 6a(i)).'""""” Another strategy employs
a self-shadowing effect wherein constant illumination induces
localized photothermal contraction, causing the hydrogel to
bend and block the incoming light. As a result, the hydrogel
cools and returns to its original shape, repeatedly establishin§
sustained spatiotemporal feedback loop (Figure 6a(ii)).'** ™"

A more sophisticated system involves a continuously stirred
tank reactor (CSTR), into which chemical reactants are
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Figure 6. Self-regulating hydrogels with sustained regulation driven by mechanical feedback loop. (a) (i) Schematics of a chemomechanical
feedback loop using a two-phase reactor. One phase induces shrinkage of the gel, while the other phase induces swelling of the gel. (i) Schematics
of a mechanical feedback loop using the self-shadowing effect. The gel shrinks upon light exposure and swells again when the shrunken state blocks
the light. (iii) Schematics of a chemomechanical feedback loop using a continuous stirred tank reactor (CSTR). A chemical reaction induces gel
shrinkage, which in turn modulates reagent diffusion and triggers reswelling, forming a self-sustained oscillation. (iv) Schematic graph showing
time-dependent sustained volume changes of a self-regulating hydrogel driven by a mechanical feedback loop. (b) (i) Chemical structure of the
poly(AAm-co-AAc) hydrogel and schematic of its spatial placement in a two-phase laminar flow system. (ii) Schematics of a mechanical feedback
loop based on dynamic buckling. Local swelling and shrinking generate transversal forces that drive snap-through between bistable buckled states,
forming a self-regulating cycle. (iii) Time-lapse fluorescence images showing periodic swaying motion of the hydrogel strip under continuous dual-
stimuli flow. (c) (i) Chemical structure of poly(NIPAAm) and schematics of its coil-to-globule transition across the lower critical solution
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Figure 6. continued

temperature (LCST). (ii) Schematics and time-lapse images of a chemomechanical system integrating a poly(NIPAAm) hydrogel with catalyst-
tipped microstructures. (iii) Captured confocal fluorescence images showing microfin configurations during actuation in a bilayer liquid system.
The white-colored bottom layer is deionized water labeled with Rhodamine B, while the top layer contains nonfluorescent reagents. (d) (i)
Schematics of a light-fueled mechanical feedback loop in a poly(NIPAAm)—AuNPs hydrogel oscillator. (ii) Time-lapse images showing periodic
oscillatory bending of a fishhook-shaped hydrogel under constant light illumination. (e) (i) Schematics of a topologically constrained trefoil
hydrogel knotbot undergoing light-fueled deformation. (ii) Experimental demonstration of directional rolling under localized laser irradiation. (iii)
Time-lapse images of the trefoil knotbot under uniform illumination. (f) (i) Schematics of a twisted hydrogel ribbon undergoing self-sustained
deformation under static light. (i) Time-lapse images showing flipping locomotion of the twisted hydrogel ring on a stretched string under constant
illumination. (g) (i) Schematics of a self-regulating phototactic hydrogel vehicle. Design of the jellyfish-inspired hydrogel robot was composed of
poly(NIPAAm) hydrogel embedded with AuNPs and reduced graphene oxide (r-GO). The central air-filled bubble balancer shifts under
asymmetric heating. (ii) Schematic cycle of buoyancy- and deformation-mediated feedback loop driving vertical oscillation under constant light
illumination. (iii) Time-lapse images of the robot’s repeated jumping toward the light under solar simulator illumination. (h) (i) Reaction scheme
of the pH-switch oscillator. (ii) Schematics of a chemomechanical feedback loop coupling hydrogel deformation and proton concentration. (iii)
Time-lapse images of a cylindrical hydrogel actuator composed of poly(NIPAAm-co-AAc), suspended in a continuously stirred solution. Light
background: shadowscopic image; dark background: directly photographed image. Reaction conditions: KIO; 0.06 M, Na,SO; 0.18 M, H,SO, 0.05
M; flow rate: 240 mL/h. Panel (b) is reproduced with permission from ref 106. Copyright 2021 Elsevier. Panel (c) is reproduced with permission
from ref 107. Copyright 2012 Springer Nature. Panel (d) is reproduced with permission from ref 108. Copyright 2019 American Association for the
Advancement of Science. Panel (e) is reproduced with permission from ref 109. Copyright 2024 licensed under CC 4.0 Springer Nature. Panel (f)
is reproduced with permission from ref 110. Copyright 2024 John Wiley and Sons. Panel (g) is reproduced with permission from ref 111.

Copyright 2023 Springer Nature. Panel (h) is reproduced with permission from ref 118. Copyright 2015 John Wiley and Sons.

continuously fed."'>''® The hydrogel positioned within this

reactor undergoes contraction driven by reaction products,
regulating the inward and outward diffusion of reactants and
products, thereby %enerating chemomechanical shape changes
(Figure 6a(iii)).""”~'** Finally, such mechanisms lead to
sustained regulation by changing the volume over time, as
depicted in the schematic graph (Figure 6a(iv)).

Hua et al. developed a chemomechanical self-regulating
system in which a pH-responsive hydrogel strip undergoes
dynamic buckling transitions between bistable configurations
under spatially distinct chemical stimuli (Figure 6b)."” Unlike
conventional self-oscillators that rely on chemical reactions or
externally applied cyclic inputs, this system integrates a built-in
mechanical feedback loop that allows the material to
autonomously regulate its own motion through rapid and
repeated snap-through between two stable states.'””~'*" The
hydrogel, composed of poly(acrylamide-co-acrylic acid) (poly-
(AAm-co-AAc)), is anchored to a rigid substrate within a liquid
bilayer (Figure 6b(i)). The liquid bilayer, crucial for
maintaining spatially distinct chemical environments, was
established by injecting two chemically distinct fluids into a
microfluidic channel under carefully controlled laminar flow
conditions."*”"** The laminar flow effectively prevents vertical
mixing, preserving a stable chemical gradient essential for
sustained oscillation. Poly(acrylic acid) (poly(AAc)) hydrogels
are representative pH-responsive materials whose swelling
behavior is governed by the ionization state of their carboxylic
acid groups."”*™"*® Under alkaline conditions (pH > pK,),
deprotonation induces electrostatic repulsion, causing swelling.
Conversely, acidic conditions (pH < pK,) lead to protonation,
reducing electrostatic repulsion, enhancing hydrogen bonding,
and resulting in shrinking. When exposed to a vertically
asymmetric chemical environments—alkaline solution
(NaOH, pH 13) above (swelling) and acidic solution (HC],
pH 2) below (shrinking)—the gel experiences differential
swelling across its thickness, causing it to buckle. Buckling
shifts portions of the gel into the shrinking region, building
transversal force until it triggers a rapid snap-through to the
complementary buckled state. This rapid bistable transition
restores the initial chemical asymmetry, initiating another cycle
and thereby sustaining continuous oscillations (Figure 6b(ii)).

Each oscillation cycle completes approximately every 30—45 s
with a maximum bending angle reaching ~52° under optimal
conditions (Figure 6b(iii)).

Thermal stimuli can also be exploited to achieve sustained
regulation. One representative class of thermoresponsive
hydrogels is poly(N-isopropylacrylamide) (poly(NIPAAm)),
which exhibits a well-defined lower critical solution temper-
ature (LCST) around 32 °C (Figure 6¢(i))."*"~"** Below the
LCST, poly(NIPAAm) chains adopt an extended coil
conformation due to favorable hydrogen bonding with water,
leading to hydrogel swelling. Above the LCST, hydrophobic
interactions dominate, causing the polymer network to collapse
into a globular state and shrink. Leveraging this reversible
thermal responsiveness, He et al. developed a self-regulating
chemomechanical system termed the self-regulated mechano-
chemical adaptively reconfigurable tunable system (SMARTS)
(Figure 6¢)."”” In this design, catalyst-functionalized micro-
structures are embedded within a poly(NIPAAm) hydrogel
and placed within a laminar flow liquid bilayer composed of an
aqueous layer and an organic reagent layer containing
hydrogen peroxide (H,0,). The platinum-catalyzed decom-
position of H,O, rapidly generates localized heat, raising the
temperature above the LCST and inducing an immediate
hydrogel shrinkage. Due to this rapid thermomechanical
response, the microstructures promptly retract from the
reagent layer, halting the reaction and allowing the system to
cool. Upon cooling below the LCST, the hydrogel swells again,
rapidly reimmersing the catalyst into the reagent and
reactivating the cycle (Figure 6c(ii)). This closed chemo-
mechanical feedback loop results in self-sustained regulation of
both microstructure position and hydrogel volume. Notably,
each regulation cycle occurs approximately every 4.2 min, with
the vertical coordinate of the microstructure oscillating
between ~14 and ~10 pm under bilayer liquid conditions
(Figure 6c(iii)). This system demonstrates the potential of
integrating thermoresponsive hydrogels with localized catalysis
to achieve homeostatic regulation without external control."*

Another strategy for achieving self-regulated actuation
involves light-triggered mechanical feedback loops, where
hydrogel deformation dynamically modulates its light
absorption. The photothermal effect refers to the conversion
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of absorbed light energy into heat, enabling local temperature
elevation upon illumination.'* Poly(NIPAAm) hydrogels
incorporatgng photothermal agents such as gold nanoparticles
(AuNPs)>>'** and reduced graphene oxides (r-GOs)'** have
demonstrated self-sustained oscillatory behavior under con-
stant illumination. AuNPs generate heat mainly via localized
surface plasmon resonance (LSPR), whereas r-GOs achieve
photothermal conversion through nonradiative electron
relaxation within their 7—x conjugated structures.

Zhao et al. exemplified this principle by embedding AuNPs
into a poly(NIPAAm) hydrogel to create a self-regulating
actuator (Figure 6d).'”® The hydrogel pillar was vertically
mounted on a substrate in an aqueous medium and exposed
horizontally to continuous visible light from one side, enabling
precise spatial alignment between the hydrogel actuator and
illumination source. Under continuous visible light, localized
photothermal heating raised the temperature above the LCST,
causing the hydrogel to bend toward the light source. The
resulting self-shadowing effect blocked illumination at the
photothermal site, causing the system to cool below the LCST
and recover its original shape, restarting the bending cycle
(Figure 6d(i)). This cyclic deformation constitutes a negative
teedback loop, resulting in regulated motion with a period of
approximately 0.7 to 2.0 s and a tip displacement amplitude
ranging from approximately 0.3 to 2.8 mm. Leveraging this
mechanism, they developed an OsciBot, a self-sustained
swimmer that achieved a locomotion speed of 1.2 mm/s in
aqueous media under visible light (Figure 6d(ii)). These
findings highlight how dynamic shape modulation through
photothermal—mechanical feedback enables self-regulating
motion without the need for internal chemical oscillators.

To achieve more complex self-regulating motion beyond
simple bending, Li et al. engineered topological knotbots
capable of rolling and rotational actuation based on the same
photothermal—mechanical feedback principles (Figure 6e).'"
These hydrogel actuators were composed of a poly(NIPAAm)
matrix embedded with AuNPs for photothermal conversion
and concentrically aligned fluorohectorite nanosheets (FNSs)
to induce anisotropic deformation.*>'**'**'*” Upon light
exposure, the prestrained topology of the trefoil structure
enabled shrinkage-induced coupled rolling and braid rotation
(Figure 6e(i))."™ Crucially, knot crossings created localized
self-shadowing effects that modulated the local heating,
forming a mechanical feedback loop to sustain cyclic motion.
Under constant illumination, the knotbot achieved a 360°
rolling and 228° braid rotation within 28 s, while traversing 32
mm over 70 s (Figure 6e(ii)). This topological approach
enabled not only self-regulating motility but also advanced
functions, including the transportation of a trefoil knotbot
along a horizontal string and the rotation of an interlocked ring
under uniform light irradiation (Figure 6e(iii)).

Expanding on topological actuation, Zhu et al. developed
twisted hydrogel rings—Mobius strips and Seifert ribbons—
using poly(NIPAAm) embedded with AuNPs and homoge-
neously aligned nanosheets (NSs) (Figure 6f M9 Under
uniform illumination, photothermal heating induced bending,
while self-shadowing at the twisted junctions enabled localized
cooling and swelling, forming a mechanical feedback loop
(Figure 6f(i)). This sustained flipping locomotion occurred
autonomously without external temporal modulation, exhibit-
ing a periodic cycle of approximately 25—30 s, with flipping
amplitudes reaching up to 360° per cycle. Such flipping
enabled effective locomotion along suspended wires and

inclines of up to 22°, maintaining a steady motion speed of
0.68 mm/s under visible light (Figure 6f(ii)).

To achieve self-regulating phototaxis without programmed
control, Hou et al. developed a phototactic vehicle (PTV)
based on a poly(NIPAAm) hydrogel embedded with AuNPs
and reduced graphene oxides (r-GOs) (Figure 6g).""" The
hydrogel was fabricated into a jellyfish-inspired structure
consisting of a hemispherical bell and vertically arranged
tentacles, designed to maximize structural asymmetry and
facilitate efficient directional deformation. This configuration
was strategically chosen to leverage mechanical instability and
buoyancy control for effective phototactic motion (Figure
6¢(i)). Upon illumination, localized heating induced asym-
metric shrinking of the hydrogel and shifted the position of an
internal air bubble, creating torque that guided the robot
toward the light.'*’ Initially, this generated upward motion
driven by a convective flow and density gradients. However, as
the vehicle ascended, rapid convective cooling from ambient
water caused the hydrogel to reswell, restoring the bubble to its
original position and reversing the density asymmetry,
subsequently resulting in downward motion (Figure 6g(ii)).
This repeated cycle of upward propulsion and downward
recovery manifested as a vertical hopping motion with a typical
period of approximately 20 s and vertical displacement
amplitudes ranging from 20 to 40 mm. This self-regulating
negative feedback loop enabled the PTV to adaptively correct
its trajectory. The system demonstrated phototactic motion
toward a solar simulator (Figure 6g(iii)). Additionally, under
both solar simulator and laser illumination, speeds reached up
to 18 mm/s (approximately 1.5 body lengths per second).

Horvath demonstrated a self-regulating hydrogel actuator in
which chemical reactions interact with mechanical deformation
in the gel to autonomously regulate motion (Figure 6h).""®
The poly(AAc)-based hydrogel autonomously regulates its
shape via a pH-switching reaction when iodate and bisulfite
fuels are continuously fed into a CSTR. The reactants iodate
and bisulfite are converted over time to I, SO,*, and protons
via chemical reactions (Figure 6h(i)). Among these products,
the generated protons cause a sudden drop in pH, leading to
hydrogel shrinking. This deformation reduces the gel’s volume
and consequently shortens the diffusion path length, limiting
further influx of reactants. As a result, the reaction slows and
ultimately terminates in the gel. Meanwhile, continuous
reactant supply in the CSTR gradually lowers the proton
concentration inside the gel through diffusional exchange,
enabling the gel to slowly reswell and reactivate the regulation
cycle. This chemomechanical feedback loop enables self-
regulating swelling—shrinking oscillations without external
stimuli or a core chemical oscillator (Figure 6h(ii)). Each
full oscillation cycle occurs over approximately 6 h with an
amplitude of about 6 mm, and the system maintains rhythmic
behavior for over a week, capable of lifting loads ten times its
own mass (Figure 6h(iii)). Horvath also extended this concept
by developing a chemomechanical oscillator driven by a
nonredox, nonoscillatory methylene glycol-sulfite (MGS)
reaction coupled with a pH-responsive hydrogel.'*' These
findings highlight how reaction—diffusion coupling can be
harnessed to realize self-regulating hydrogel actuators for
sustained autonomous motion.

4.3. Optical Feedback Loop
Similar to the mechanical feedback loop discussed previously,

optical feedback loops enable the sustained regulation of
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Figure 7. Self-regulating hydrogels with sustained regulation driven by optical feedback loops. (a) (i) Schematics of a morphology-mediated optical
feedback loop, where moisture-induced swelling of hydrogel surfaces enhances optical transparency, enabling photothermal heating in underlying
plasmonic nanoparticle arrays under constant illumination. The resulting localized heating induces dehydration-driven surface wrinkling, increasing
light scattering, and achieving self-blocking. Subsequent rehydration reversibly restores the flattened, transparent state, enabling sustained self-
regulation. (ii) Schematics of a phase-transition-based optical feedback loop, where photothermal heating under constant illumination triggers a
coil-to-globule transition of thermoresponsive polymers, inducing opacity and achieving self-blocking. Subsequent cooling reversibly restores the
transparent polymer state, allowing sustained self-regulation. (iii) Graph showing time-dependent modulation of transmittance and temperature,
demonstrating reversible and sustained optical control via internal feedback mechanisms. (b) (i) Schematic and optical images of a self-regulating
hydrogel actuator consisting of wrinkle-patterned poly(AAm) hydrogel on a plasmonic AuNP substrate. (ii) Transmittance plot at 808 nm showing
reversible modulation through repeated hydration—dehydration-induced morphological transitions. (c) (i) Optical configuration showing beam
transmission and localized photothermal heating via reflection. Schematics of a poly(NIPAAm)-poly(AAm)/AuNPs coupled hydrogel using
delayed thermal feedback, enabling cyclic transparency switching through internal regulation. (ii) Temperature profiles at designated positions,
visualized by spatially resolved color changes—red/white blinking (3), stable pink (2), and stable black (1)—demonstrating sustained regulation
under steady illumination. Panel (b) is reproduced with permission from ref 149. Copyright 2021 John Wiley and Sons. Panel (c) is reproduced
with permission from ref 150. Copyright 2022 licensed under CC 4.0 Springer Nature.

hydrogel actuators by controlling light transmittance through
photothermal effects. The optical feedback loop primarily
utilizes the self-blocking phenomenon, implemented through
surface wrinkling (Figure 7a(i))'* or the coil-to-globule
transition of thermoresponsive polymers (Figure 7a(ii))."’
When the hydrogel surface becomes wrinkled or opaque, self-
blocking of the light can halt the photothermal effect,

light source is essential for optimizing optical feedback.
Furthermore, the region responsible for generating the
photothermal effect and the region responsible for the optical
feedback are spatially separated. Therefore, optical feedback
loops require a more precise structural design compared with
mechanical feedback loops, where deformation itself directly

subsequently returning the hydrogel to the initial flattened,
transparent state by adapting it to the constant humidity or
temperature environment. The rapid responsiveness of hydro-
gels induced by the photothermal effect is imperative to
continuously drive the system away from equilibrium, and a
meticulous spatial arrangement between the hydrogel and the

serves as feedback. Due to this stringent requirement, only two
representative examples have been reported to date, as
illustrated in Figure 7b and 7c. Ultimately, these mechanisms
achieve sustained regulation through periodic changes in
transmittance or temperature, as depicted schematically
(Figure 7a(iii)).
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Figure 8. Self-regulating hydrogels with the oscillatory chemical reaction driven by pH oscillators. (a) (i) Schematics of a representative pH
oscillator involves the oxidation of a weak acid (HA) to produce protons (H"), resulting in periodic pH changes in solution. A continuously stirred
tank reactor (CSTR) is employed to maintain steady-state conditions, ensuring stable and sustained pH oscillations that drive the
chemomechanical feedback loop. (ii) Schematics of a pH-responsive hydrogel undergoing cyclic swelling and shrinking as the oscillating pH crosses
the pK, of the polymer (e.g.,, poly(AAc)), resulting from periodic protonation and deprotonation. Right graph plots time-dependent sustained
regulation of hydrogel volume in response to periodic pH changes. (b) (i) Reaction mechanism of the HPD oscillator, where H,0, and dithionite
react to alternately produce and consume protons, inducing autonomous pH oscillations between pH values of ~3.5 and 9.2. (ii) Schematics of a
bilayer hydrogel actuator fabricated by assembling a pH-responsive poly(DMAAm-co-AAc) hydrogel (DA gel) and a nonresponsive
poly(DMAAm)—silica hydrogel (DS gel). (iii) Time-lapse snapshots showing reversible and periodic bending—stretching motion of the DA/
DS bigel strip, synchronized with the pH oscillation ([H,0,] = 50 mM, [Na,S,0,] = 12 mM in an acetate buffer = S mM, pH 5.5). (c) (i)
Schematic illustration of the bilayer hydrogel actuator composed of a shape deformation (SD) layer containing poly(AAc) and a fluorescence color
(FC) layer embedded with tetra(4-pyridylphenyl)ethylene (TPE-4N), a pH-responsive luminogen. (ii) Time-lapse images of the jellyfish-shaped
actuator showing synchronized deformation and green fluorescence modulation ([H,0,] = 50 mM, [Na,5,0,] = 12 mM in an acetate buffer = §
mM, pH S.5). (d) (i) Reaction mechanism of the Landolt oscillator, which consists of two competing reactions: proton-producing oxidation of
sulfite by bromate and proton-consuming oxidation of ferrocyanide by bromate. (ii) Schematic of a photonic crystal (PC) hydrogel composed of
poly(AAm-co-AAc), whose periodic nanostructure undergoes volume-induced modulation during pH oscillation. The resulting change in lattice
spacing shifts the photonic stopband, enabling visible color oscillation. (iii) Time-lapse images showing cyclic color transitions of the PC hydrogel
under Landolt-driven pH oscillation (10.86 g/L KBrOs, 9.45 g/L Na,SO;, 8.45 g/L, K,Fe(CN),, 0.98 g/L, H,SO,, flow rate: 0.3 mL/min). Panel
(b) is reproduced with permission from ref 151. Copyright 2005 Royal Society of Chemistry. Panel (c) is reproduced with permission from ref 152.
Copyright 2022 American Chemical Society. Panel (d) is reproduced with permission from ref 158. Copyright 2009 John Wiley and Sons.

As an example of morphology-driven optical feedback, Lee 7b)."*” Upon exposure to moisture, poly(AAm) swells,

et al. developed a self-regulating hydrogel system by combining flattening the surface and increasing the light transmittance,
wrinkle-patterned poly(acrylamide) (poly(AAm)) hydrogels which induces photothermal heating by the AuNPs. The
with plasmonic lattices of gold nanoparticles (AuNPs) (Figure generated heat subsequently causes surface dehydration,

K https://doi.org/10.1021/acs.chemrev.5c00358

Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00358?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00358?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00358?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00358?fig=fig8&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

a -| Sustained regulation: oscillatory chemical reactions - BZ reaction I

(i) Waste + (i) (iii)
MA > BrMA CO: +Br-

>’< 2+/3+ % ‘5% %

Redox Shrunken @

oscillation Swollen state state >

?/' - - £ 2\ g

o0 !

HBO, == ‘ S
B T Poly(NIPAAm-co-Ru(bpy)s) Sol state Gel state Time

L NaBrOs
b Shrinking sweling @ Self-walking gel
Buckling
Sellf-oscillating colloidosome (Oxidized)

Deswelling
(Reduced)

Reduced state (2+) Oxidized state (3+) 4@
(i) 950 100 L—/ (S(v)ve.l‘lii.ngd)
%m = k 4 xidize
E! ~ K N
5‘“" ot AN 8%
5 &
E 650 602 - Cross-linker
3 i g ® Microgel
3500 —Ef\r’-\——'—\-—- w¥
"""" iges|
350 20 e ()

T (Poly(NIPAAM-co-BA)-b-Poly(DMAAM)-b-
i Poly(NIPAAm-co-NAP-co-NAPRu)
@ Poly(OEGMA-co-PEGDMA750-co-Ru) microgel -

@

>

Swelling Shrinking
- Sol state (3+)
(ii) (ii)
|
29 s 31 s
Oxidized Reduced Oxidized Reduced Oxidized Reduced 30| state Gel state Sol state Gel state
(3+) (2+) (3+) (2+) (3+) (2+) (3+) @2+

Figure 9. Self-regulating hydrogels based on BZ reactions. (a) (i) Schematics of redox oscillation via the BZ reaction. During the oxidation of
malonic acid (MA) by sodium bromate (NaBrO;), the redox state of the metal complex catalyst (M) undergoes periodic oscillation. Once the
inhibitor bromide ion (Br~) has been depleted, the autocatalytic production of bromous acid (HBrO,) becomes active, driving M into its oxidized
form. The bromine (Br,) generated at this stage reacts with MA to form bromomalonic acid (BrMA), and BrMA reduces M and regenerates Br~,
thereby completing the cycle. (ii) Chemical structure of a typical BZ-driven self-regulating polymer, poly(N-isopropylacrylamide-co-tris(2,2’-
bipyridyl)ruthenium) (poly(NIPAAm-co-Ru(bpy),)). (iii) Time-dependent sustained regulation of volume and viscosity driven by self-mediated
BZ reaction. (b) (i) Schematics of the volumetric oscillation and (ii) the oscillation profiles of the self-oscillating gel, poly[ N-isopropylacrylamide-
co-N-(3-aminopropyl)methacrylamide-co-N-(3-aminopropyl) methacrylamide-tris(2,2’-bipyridyl)ruthenium-co-N,N’-methylenebis(acrylamide) ]
(poly(NIPAAm-co-NAP-co-NAPRu-co-MBAAm)) gel, in a catalyst free BZ substrate solution at 20 °C ([HNO,] = 0.894 M, [NaBrO,] = 0.84 M,
[MA] = 0.064 M). (iii) Time-lapse images showing the autonomous motion of a self-walking gel in a catalyst free BZ substrate solution at 18 °C
([HNO,] = 0.894 M, [NaBrO;] = 0.84 M, and [MA] = 0.0625 M). (c) Buckling/unbuckling motion of self-oscillating colloidosomes composed of
poly(N-isopropylacrylamide-co-N-(3-aminopropyl)methacrylamide-co-N-(3-aminopropyl) methacrylamide-tris(2,2’-bipyridyl )ruthenium) (poly-
(NIPAAm-co-NAPMAm-co-NAPMAmRu)) microgels and poly(NIPAAm-co-(N-acryloxysuccinimide)) (poly(NIPAAm-co-NAS)) cross-linker, in
a catalyst free BZ substrate solution at 20 °C ([HNO;] = 0.3 M, [NaBrO,;] = 0.4 M, [MA] = 0.025 M). (d) (i) Volumetric oscillation of
poly[oligoethylene glycol methacrylate-co-tris(2,2’-bipyridyl)ruthenium)-co-poly(ethylene glycol) dimethacrylate] (poly(OEGMA-co-PEGD-
MA750-co-Ru)) microgel (OEGMA: M, = 300, PEGDMA750: M, = 750). (ii) Time-lapse images showing the aggregation and dissociation
oscillation of a poly(OEGMA-co-PEGDMA750-co-Ru) microgel in a catalyst free BZ substrate solution at 65 °C ([HNO;] = 2.5 M, [NaBrO;] =
0.08 M, [MA] = 0.5 M). (e) (i) Schematics of the periodic sol—gel transition based on structural changes of the self-oscillating triblock terpolymer,
poly(N-isopropylacrylamide-co-butyl acrylate)-b-poly(N,N-dimethylacrylamide)-b-poly[ N-isopropylacrylamide-co-N-(3-aminopropyl)-
methacrylamide-co-N-(3-aminopropyl)methacrylamide-tris(2,2'-bipyridyl )ruthenium] (poly(NIPAAm-co-BA)-b-poly(DMAAm)-b-poly(NIPAAm-
c0-NAP-co-NAPRu)). (ii) Sol—gel oscillation of the self-oscillating triblock terpolymer solution (5.0 wt %) in a catalyst free BZ substrate solution at
30 °C ([HNO;] = 0.81 M, [NaBrO;] = 0.1 M, [MA] = 0.04 M). Panels (b)(i) and (b)(ii) are reproduced with permission from ref 166. Copyright
2023 licensed under CC 3.0 Royal Society of Chemistry. Panel (b)(iii) is reproduced with permission from ref 170. Copyright 2007 John Wiley
and Sons. Panel (c) is reproduced with permission from ref 171. Copyright 2016 John Wiley and Sons. Panel (d) is reproduced with permission
from ref 173. Copyright 2021 American Chemical Society. Panel (e) is reproduced with permission from ref 174. Copyright 2017 licensed under
CC 4.0 Springer Nature.

forming wrinkles and increasing optical scattering, thereby self- moisture then restores the flat state, completing the optical
blocking further photothermal heating. Rehydration by feedback loop (Figure 7b(i)). At a constant humidity of 43%,
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each hydration-dehydration cycle occurred approximately
every 26 min, demonstrating stable oscillations with approx-
imately 60% change in transmittance (Figure 7b(ii)).

For another optical feedback mechanism, Zhang et al.
designed a self-regulating hydrogel system utilizing the phase
transition of poly(NIPAAm) to modulate transparency (Figure
7¢)."° This system comprises poly(NIPAAm)—poly(AAm)/
AuNPs layers, where incident light passes through the
transparent poly(NIPAAm) layer and is reflected by the
underlying poly(AAm)/AuNPs layer, generating heat that is
transferred to the poly(NIPAAm) layer. This delayed heating
triggers the coil-to-globule transition of poly(NIPAAm),
increasing the opacity and blocking the incoming light.
When illumination decreases, the temperature drops, the
transparency of poly(NIPAAm) is restored, and light trans-
mission resumes (Figure 7c(i)), thus completing the optical
feedback loop. Under room temperature conditions, this light-
driven feedback mechanism produced stable and sustained
temperature oscillations, enabling dissipative color displays
(Figure 7c(ii)). Specifically, the irradiated region (3) exhibited
blinking between red and white every 75 s with a temperature
variation exceeding 15 °C; intermediate areas (2) remained
consistently pink, and cooler areas (1) maintained stable black
coloration, visually demonstrating spatially resolved sustained
regulation.

4.4. Oscillatory Chemical Reactions

4.4.1. pH Oscillators. The pH oscillators offer a chemical
platform for achieving sustained self-regulation in hydrogels
through periodic proton modulation (Figure 8a(i)). Self-
regulating hydrogels driven by pH oscillators utilize
autocatalytic and feedback-regulated chemical reactions,
typically conducted in a continuous stirred tank reactor
(CSTR), to generate cyclic pH fluctuations, which in turn
trigger reversible volume transitions in pH-sensitive polymer
networks.'*' 7> These systems rely on the ionizable func-
tional groups of the hydrogel—such as carboxylic acids—
whose protonation and deprotonation are directly governed by
the surrounding pH (Figure 8a(ii)). A key advantage of pH
oscillators is their ability to produce large-amplitude pH swings
across the pK, threshold of the gel, enabling significant and
tunable mechanical responses. Various pH oscillators, includ-
ing the hydrogen peroxide—dithionite (HPD) oscillator'®* and
the Landolt oscillator,"®* generate periodic acidification and
neutralization through the dynamic interplay of oxidants and
reductants, inducing swelling—shrinking cycles in hydrogels.
These chemically programmed oscillators enable highly
reproducible pH cycling and sustained volumetric regulation.

A representative example of a pH oscillator is the HPD
system (Figure 8b). The HPD oscillator operates through
alternating proton-generating and proton-consuming reactions,
leading to autonomous pH fluctuations typically ranging from
pH 3.5 to 9.2, with a cycle period of approximately 300 s under
50 mM H,0, and 12 mM Na,S,0, in an acetate buffer (5 mM,
pH 5.5) (Figure 8b(i))."*" To harness this pH oscillation, a
bilayer hydrogel actuator was constructed by integrating a pH-
responsive poly(DMAAm-co-AAc) hydrogel (DA gel) with a
nonresponsive poly(DMAAm)—silica hydrogel (DS gel)
(Figure 8b(ii)). As the pH oscillations cyclically crossed the
pK, of the DA gel, the bilayer underwent sustained bending
and unbending driven by asymmetric swelling between the
layers, achieving a maximum bending degree of approximately
80%, defined as the relative length change between the two

ends of the actuator compared to its initial length (Figure
8b(iii)).

Building upon the DA/DS bigel actuator design, Yang et al.
advanced the system by integrating optical functionality into
the hydrogel architecture, enabling simultaneous mechanical
and fluorescent modulation (Figure 8c).'>> The actuator
consists of a bilayer structure composed of a shape
deformation (SD) layer made from pH-responsive poly(AAc)
and a fluorescence color (FC) layer incorporating tetra(4-
pyridylphenyl)ethylene (TPE-4N),'®® a pH-sensitive lumino-
gen (Figure 8c(i)). Under the same HPD pH oscillator
conditions, the hydrogel experiences periodic pH changes
between approximately 3.5 and 9.2, with a cycle period of
about 290 s. These oscillations simultaneously trigger
conformational changes in the SD layer and fluorescence
switching in the FC layer. As a result, the jellyfish-shaped
hydrogel actuator demonstrates synchronized, reversible shape
morphing and light emission under static chemical conditions,
exhibiting bending angle amplitudes ranging from approx-
imately 30° to 322° per oscillation cycle (Figure 8c(ii)).

In parallel with structural—optical coupling strategies, Tian
et al. demonstrated a color-oscillating photonic crystal (PC)
hydrogel actuator powered by the Landolt pH oscillator
(Figure 8d)."*® The Landolt oscillator operates through
alternating proton-generating and -consuming reactions,
resulting in autonomous pH fluctuations typically ranging
from 3.3 to 6.7 under continuous feeding of aqueous solutions
containing 10.86 g/L KBrO; 9.45 g/L Na,SO; 845 g/L
K,Fe(CN)g, and 0.98 g/L H,SO, at a flow rate of 0.3 mL/min
(Figure 8d(i)). The system employs a poly(AAm-co-AAc)
hydrogel containing a periodic colloidal array that produces
structural coloration via Bragg diffraction (Figure 8d(ii)).
Under oscillatory pH conditions, the hydrogel experiences
cyclic protonation and deprotonation. These changes modulate
the periodic swelling and shrinkage of the lattice spacing.
Consequently, the photonic stopband shifts from approx-
imately 510 to 590 nm, generating oscillations in structural
color between blue and orange (Figure 8d(iii)). The system
operates under constant flow conditions, with an oscillation
period of approximately 25—40 min depending on the feed
rate.

4.4.2. Belousov—Zhabotinsky (BZ) Reactions. Follow-
ing the oscillatory chemical reactions driven by the pH
oscillator, the Belousov—Zhabotinsky (BZ) reaction serves as
an excellent driving circuit for achieving sustained regulation in
hydrogels, owing to its intrinsic periodic state changes (Figure
9a).'%"'%* The BZ reaction stands out as one of the most
iconic examples of a chemical oscillation reaction (Figure
9a(i))."**'% In this reaction, a specific organic substrate, such
as malonic acid, undergoes oxidation under strongly acidic
conditions in the presence of an oxidizing agent and a redox-
active metal complex catalyst. As the oxidation of the organic
acid proceeds, the metal catalyst undergoes spontaneous,
periodic redox switching between its oxidized (M*") and
reduced (M?*) states. A major reason the BZ reaction has
found widespread interest in the field of self-regulating
materials is that this periodic redox switching fundamentally
alters the properties of the metal catalyst without any external
on/off control. These valence changes of the metal complex
catalyst lead to alterations in various physicochemical proper-
ties, such as hydrophilicity, ionic interactions, and coordination
strength with ligands. For instance, when the metal complex is
reduced from a 3" to a 2" state, the decreased positive charge
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generally decreases its hydrophilicity and weakens the
electrostatic attraction with surrounding anionic species. By
embedding a BZ catalyst into a hydrogel framework, the built-
in BZ reaction circuit regulates the spatiotemporal structure of
the hydrogel, enabling various self-oscillating functions.

One of the most extensively studied approaches to self-
regulating hydrogels driven by the BZ reaction involves
coupling the redox oscillations of the prototypical catalyst
ruthenium tris(2,2-bipyridine) complex (Ru(bpy),) with
thermoresponsive polymers (Figure 9a(ii)). Thermoresponsive
polymers exhibit a sharp change in solubility or swelling
behavior at a specific transition temperature, termed the LCST
or the volume phase transition temperature (VPTT). When a
metal complex catalyst is embedded into the polymer chain, its
redox state can modulate the LCST or VPTT. Specifically, in
the oxidized state, Ru(bpy); becomes more hydrophilic than in
the reduced state, resulting in a shift of the transition
temperature toward higher values. In the reduced state, the
opposite effect occurs. Therefore, when BZ substrates are
supplied within this temperature range, the polymer actively
participates in driving the BZ reaction, and the redox
oscillations of the catalyst lead to self-regulation in either the
gel volume or the viscosity of the polymer solution (Figure
9a((iii)).

In a pioneering study, Yoshida and co-workers introduced
the Ru(bpy); catalyst into a poly(NIPAAm) network, creating
a “self-oscillating gel”."®° When this hydrogel was immersed in
a catalyst-free BZ substrate solution, it autonomously drove the
BZ reaction and exhibited rhythmic volume oscillations
(Figure 9b(i)).'®” Under catalyst-free BZ conditions
([HNO,] = 0.894 M, [NaBrO,] = 0.84 M, [MA] = 0.0625
M, 20 °C), this hydrogel sphere undergoes volumetric
swelling—deswelling oscillations that arise from redox-driven
changes in the network. It exhibits a period of about 60 min,
displaying a reversible diameter change of approximately 10%
(Figure 9b(ii)). This principle has led to a variety of self-
oscillating hydrogel actuators. For example, a self-oscillating gel
sheet with asymmetric front and back structures can convert
cyclic volume changes into self-regulating bending motions.'*”
The curvature oscillations originate from swelling differences
between the reduced and oxidized states caused by structural
asymmetry. Furthermore, combining this self-bending strategy
with a ratchet-shaped substrate produces a “self-walking gel”
that autonomously advances over the substrate, driven by the
self-mediated BZ reaction (Figure 9b(iii))."”" This hydrogel
enables directional mechanical work powered by a catalyst-free
BZ substrate solution ([HNO,] = 0.894 M, [NaBrO,] = 0.84
M, [MA] = 0.0625 M, 18 °C), performing self-walking
motions at a speed of 170 ym min~". Another notable example
is a “self-oscillating colloidosome,” constructed by cross-linking
self-oscillating microgels with a polymer cross-linker (Figure
9¢).'”" Upon addition of BZ substrates ([HNO,] = 0.3 M,
[NaBrO;] = 04 M, [MA] = 0.025 M, 20 °C), the
colloidosome undergoes buckling and unbuckling oscillations.
These oscillations arise from the tangential stress induced
during swelling of the hollow colloidosome structure with
buckling occurring when the stress exceeds the yield point. The
oscillation period ranges from approximately 100 to 500 s, with
a projected area amplitude varying from about 500 to 600 ym™.
Using a similar strategy, a “self-oscillating polymersome,”
which also exhibits buckling and unbuckling oscillations, was
realized by cross-linking a block copolymer composed of a self-

oscillating polymer and a hydrophilic poly(ethylene glycol)
(PEG) segment.

Recently, Enomoto et al. demonstrated that even hydrogel
frameworks devoid of active components can be endowed with
autonomous behavior by incorporating a thermoresponsive
self-oscillating linear polymer as a semi-interpenetrated
polymer network (semi-IPN)."”* In this approach, a hydrogel
framework composed of poly(NIPAAm) or poly(N,N-
dimethylacrylamide) (poly(DMAAm)) was fabricated in the
presence of a thermoresponsive self-oscillating linear polymer.
Despite the passive nature of the primary network, rhythmic
structural changes of the semi-interpenetrated polymer drive
volumetric oscillations of the gels in the presence of the BZ
substrate ([HNO,] = 0.894 M, [NaBrO;] = 0.84 M, [MA] =
0.064 M, 25 °C). Such semi-IPN hydrogels offer notable
advantages: they are straightforward to fabricate by simply
mixing the self-oscillating polymer into the hydrogel precursor
solution, and the oscillation amplitude and period can be tuned
by adjusting the fraction of the self-oscillating polymer.

Although poly(NIPAAm) has become the prototypical
thermoresponsive polymer for coupling with the BZ reaction,
other temperature-responsive polymers have been explored to
realize self-oscillating gels. Notably, Suzuki et al. reported a
self-oscillating hydrogel based on poly(oligoethylene glycol
methacrylate) (poly(OEGMA)), which exhibits a VPTT at a
higher temperature than poly(NIPAAm) (Figure 9d(i)).'”?
Operating at elevated temperatures accelerates the kinetics of
the BZ reaction, thereby shortening the oscillation period of
the swelling—deswelling oscillation. Indeed, in poly(OEGMA)-
based self-oscillating microgels, initiation of the BZ reaction
around 65 °C results in extremely rapid oscillations between
aggregated and dispersed states on the order of 1 s ([HNO,;] =
2.5 M, [NaBrO;] = 0.08 M, [MA] = 0.5 M) (Figure 9d(ii)). As
in the examples shown here, a variety of self-regulating
functions can be designed by tuning the chemical and physical
structures of the thermoresponsive polymers.

Furthermore, the same principle has been extended to
autonomously regulate the sol—gel state of polymers driven by
the BZ reaction, specifically artificial amoeba-like polymer
droplets composed of triblock terpolymers (Figure 9e(i))."”
The triblock terpolymer consists of a hydrophobic segment, a
hydrophilic linker, and a self-oscillating segment. Under BZ
conditions ([HNO;] = 0.81 M, [NaBrO;] = 0.1 M, [MA] =
0.04 M, 30 °C), the oxidized state (3*) forms micellar
assemblies with a hydrophobic core, whereas the reduced state
(2*) exhibits a lower LCST, inducing physical cross-linking
between the micelles and forming a transient gel state. The BZ
reaction drives oscillations between these states, producing a
spontaneous sol—gel cycle. This system exhibits oscillation
periods ranging from 50 to 100 s, with a viscosity amplitude
reaching ~1960 mPa-s. The system demonstrates the under-
lying mechanism of amoeboid motion (Figure 9e(ii)).

So far, we have highlighted BZ-driven self-regulating gels
based on thermoresponsive polymers; however, several other
strategies have been reported to achieve self-sustaining
regulation powered by the BZ reaction. One such strategy
for creating BZ-driven, self-regulating hydrogels leverages
changes in electrostatic interactions resulting from the redox
oscillations of the metal complex catalyst. Yoshida et al
showed that even nonthermoresponsive gels, such as those
based on poly(DMAAm), can display self-regulating volume
changes if a sufficiently high fraction of the Ru catalyst is
introduced.'”® Their results suggest that, besides the shift in
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hydrophilicity upon Ru oxidation, changes in electrostatic
repulsion between immobilized Ru complexes strongly affect
the swelling—shrinking behavior of the hydrogel. One
advantage of these nonthermoresponsive systems is their
broader usable temperature range compared to self-oscillating
systems based on thermoresponsive polymers. Additionally,
the period of volumetric oscillation can be tuned by changing
the reaction temperature; the poly(DMAAm)-based self-
oscillating gel exhibits variable periods ranging from 100 to
500 s, depending on the temperature ([HNO;] = 0.894 M,
[NaBrO,] = 0.084 M, and [MA] = 0.064 M). However, they
often require a higher Ru loading than thermoresponsive gels,
illustrating a trade-off between ease of actuation and catalyst
concentration.

In addition to periodic changes in the hydrophilicity or ionic
interactions, other types of BZ reaction systems exploit
different molecular interactions for self-regulation. Ueki et al.,
for example, utilized a redox-dependent ligand exchange
reaction of the Ru-terpyridine (terpy) catalyst to realize
cross-linking—decross-linking oscillation in polymer drop-
lets.'"”® Their system comprises branched PEG derivatives
bearing Ru-terpy termini mixed with terpyridine-terminated
PEG lacking metal centers. In the oxidized state of Ru, the
monoterpy complex is more stable, and the polymer solution
retains its fluidity due to the lack of interpolymer cross-linking.
Conversely, the bis-terpy complex is more favorable in the
reduced state, forming a transient gel via cross-links between
the PEG ends. In the presence of BZ substrates ((HNO;] = 0.3
M, [NaBrO;] = 0.4 M, [MA] = 0.1 M, 25 °C), these droplets
induce the BZ reaction and undergo periodic transitions in
viscosity and network structure.

Interestingly, some reports describe that poly(AAm) hydro-
gels bearing a Ru catalyst exhibit the opposite trend from
conventional BZ-driven self-regulating hydrogels, swelling in
the reduced state and shrinking in the oxidized state.'””'”® The
contraction of the gel upon oxidation is presumably due to
increased intra- and interchain cross-linking, which becomes
more favorable in the oxidized state, whereas these cross-links
break upon reduction. Although experimental findings and
simulation analysis both point toward this cross-linking
mechanism, the molecular-level details remain somewhat
controversial, indicating that further investigation is warranted.
These examples highlight the diverse design strategies for
constructing self-regulated hydrogels driven by the BZ
reaction, through thermoresponsive coil-to-globule transitions,
electrostatic repulsion/attraction, or redox-responsive coordi-
nation bonding. In each case, the spontaneous oscillations of
the metal complex catalyst serve as a powerful driving circuit
for self-regulating structural changes.

Taken together, in this section, we summarize representative
examples of sustained regulation, categorized according to the
hydrogel matrix, hydrogel type, regulating fuels, regulating
period, regulation degree, deformation type, and their
applications in Table 2.

5. ONE-CYCLE REGULATION

5.1. Design Criteria for One-Cycle Regulation

One-cycle regulation in self-regulating hydrogels fundamentally
relies on transient chemical reaction networks that initiate
temporary structural transitions and autonomously revert to
their initial states upon fuel dissipation. This mechanism
universally employs chemically fueled dissipative transitions,

where the system is driven away from equilibrium into a
transient state through chemical reactions, subsequently
returning to the equilibrium state as the fuel is consumed or
chemically decomposed. Based on the nature of chemical or
enzymatic reactions employed, this regulation can first be
classified into four categories: Independent sequential
reactions, involving two independent reactions that sequen-
tially drive structural changes; deactivator-driven reactions, in
which a promoter initially induces structural changes, followed
by the internal generation of a deactivator that returns the
system to its original state; fuel-decomposed reactions, where
transient structural changes occur and are subsequently
reversed upon decomposition of the fuel itself; and competing
reactions, consisting of two pathways with distinct kinetics—
an initial rapid reaction causing structural changes and a slower
competing reaction restoring the original state. Furthermore,
from the viewpoint of chemical responsiveness and location of
chemical control, these one-cycle systems can be more broadly
grouped into two categories: hydrogels that are directly
responsive to external chemical stimuli, such as pH changes,
and hydrogels that incorporate internal reactive species,
particularly enzymatic catalysts, to drive subsequent reaction
cascades internally. While externally responsive systems offer
simplicity and rapid responsiveness, their operational lifetimes
and autonomys are inherently limited by the external chemical
environment. Conversely, enzymatically driven systems allow
more sophisticated control and extended lifetimes through
programmed internal catalytic reactions; however, they face
limitations in terms of complexity, enzyme stability, and
potential loss of catalytic activity over multiple cycles. These
inherent advantages and limitations highlight the necessity for
balanced design criteria, aiming to optimize the chemical
robustness, autonomous recovery, and overall functionality of
one-cycle hydrogel actuators.

5.2. Independent Sequential Reactions

Independent sequential reactions enable one-cycle self-
regulation in hydrogel actuators by leveraging chemically
programmed reaction sequences to induce transient structural
changes that autonomously revert to the initial state after fuel
depletion (Figure 10a(i)).'*~'"* These systems are activated
by a single addition of chemical fuel, initiating a cascade of
reactions within a predefined lifetime. Upon addition and
subsequent consumption of fuel, transient supramolecular
assembly, network hydrophobization, or cross-linking are
mediated by reversible bond formation, triggering sol—gel or
swelling—shrinking transitions that spontaneously revert to the
initial state. This one-cycle regulation is governed by
independent sequential reactions. Representative strategies
include transient sulfonation of aldehyde fueled by dithionite,
anhydride formation fueled by 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDC),'”*™"** and disul-
fide formation fueled by hydrogen peroxide (H,0,)."777%
These platforms enable hydrogels to transiently modulate their
viscosity, volume, stiffness, and turbidity over time (Figure
10a(ii)).

A representative example of independent sequential
regulation was developed by Singh et al, who designed a
supramolecular hydrogel system utilizing aldehyde sulfonation
fueled by dithionite (Figure 10b)."® Upon the addition of
dithionite (DT, 191 mM), the aldehyde-functionalized
SachCHO monomer is rapidly reduced to SachSO;7,
disrupting hydrogen bonding, and triggering gel disassembly.
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Table 2. continued

Ref

Applications

Deformation type

Regulation degree
Absorbance at 485

Regulating
period

Regulating fuels

Hydrogel type

Hydrogel matrix

Category

176

Sol—gel transi-
tion

nm (0.35 to 0.65

nm)

200 s

HNO;, NaBrOs,

(2,2/:6',2"-terpyrid-4'-yl)-PEG-Ru

(1))

Ru**tpy-octa-PEG gel (poly(octa

This reduction step occurs independently of the regeneration
mechanism, which involves formaldehyde release from
hexamethylenetetramine (HMTA, 190 mM) via slow acid-
catalyzed hydrolysis mediated by glucono-6-lactone (GdL,
93.6—374 mM). The use of orthogonal chemistries for
disassembly and reassembly enables a temporally ordered
gel—sol—gel transition following a single fuel injection (Figure
10b(i)). These independent sequential reactions were precisely
engineered: a fuel-driven activation event is followed by a
kinetically delayed, chemically distinct deactivation process,
facilitating autonomous recovery without feedback coupling.
Under standard catalytic conditions, the complete regulation
cycle occurs over approximately 75 min, reaching a maximum
amplitude in G’ of approximately 2100 Pa. Moreover, when
formaldehyde is directly added in excess (=50 equiv), the
system undergoes rapid reassembly within approximately 1
min, as demonstrated in Figure 10b(ii).

Another compelling demonstration of independent sequen-
tial regulation was reported by Xu et al., who developed a self-
resettable bilayer hydrogel actuator based on EDC-fueled
modulation of polymer hydrophilicity (Figure 10c)."®® The
actuator consists of a poly(AAc) hydrogel layer covalently
bonded to a soft PDMS layer. Upon the addition of EDC (3.0
equiv relative to carboxylic acid groups), the hydrophilic
carboxyl moieties in the poly(AAc) network are transiently
converted into hydrophobic anhydrides. This conversion leads
to localized dehydration and shrinking, inducing unidirectional
bending of the bilayer strip. The rehydration and recovery
processes are governed by spontaneous hydrolysis of the
anhydrides in aqueous buffer (MES, pH 5.0), which restores
the initial hydrophilic state of the swollen poly(AAc) network
(Figure 10c(i)). The mechanical deformation and spontaneous
reset are time-programmed by tuning the EDC concentration
and ambient conditions. Each full bending—recovery regu-
lation cycle proceeds over approximately 5 h, reaching a
maximum bending angle amplitude of approximately 37°
(Figure 10c(ii)).

Furthermore, Tena-Solsona et al. developed an EDC-fueled
transient hydrogel system exhibiting sol—gel—sol transitions
based on the transient supramolecular assembly and
disassembly of dicarboxylates such as fluoren-9-ylmethoxycar-
bonyl-alanine-alanine-glutamate (Fmoc-AAE) via independent
sequential reactions (Figure 10d)."®” Upon addition of EDC
(50—-300 mM), the dicarboxylates (Fmoc-AAE, 10 mM) are
transiently converted into an anhydride intermediate, inducing
assembly into anisotropic fibrillar networks through hydro-
phobic collapse and #-orbital overlap, thereby forming a
hydrogel state with significantly increased G’ (~40—100 Pa).
As the anhydride spontaneously hydrolyzes back to the original
dicarboxylate precursor, the assemblies gradually disintegrated,
and the material returns to its original sol state characterized
by a modulus lower than that of G” (G’ ~ 0.01 Pa) (Figure
10d(i)). Importantly, this reversible assembly—disassembly
process enabled precise temporal control over the gel’s
mechanical properties, allowing the hydrogel lifetime to be
finely tuned from 40 to 152 min depending on the initial
concentration of EDC (Figure 10d(ii)).

Lastly, Sarkar et al. introduced an H,0,-fueled one-cycle
regulation governed by a redox system in hydrogels using
independent sequential reactions for sol—gel—sol transitions
(Figure 10e).'®® The hydrogel matrix consists of thiol-
terminated four-arm poly(ethylene glycol) (sPEG-SH, 0.7
mM). Upon injection of hydrogen peroxide (H,0,, 17.5—18.5
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Figure 10. Self-regulating hydrogels with the one-cycle regulation driven by independent sequential reactions. (a) (i) Representative strategies for
one-cycle regulation based on independent sequential reactions. Fuel-induced reversible bond formation such as transient supramolecular
disassembly, network hydrophobization, and cross-linking enables a one-cycle actuation. (ii) Schematic graphs showing time-dependent one-cycle
regulation of viscosity and gel volume (top), and stiffness and turbidity (bottom), triggered by chemical fuels. (b) (i) Schematics of a fuel-driven
transient supramolecular hydrogel system based on SachCHO. Addition of dithionite (DT) induces sulfonation of aldehyde (from SachCHO to
SachSO;"7), breaking hydrogen bonds and inducing gel disassembly. Catalytic regeneration of SachCHO from hexamethylenetetramine (HMTA)
via formaldehyde production is triggered by glucono-8-lactone (GdL), enabling one-cycle regelation. (ii) Time-lapse images showing rapid gel—
sol—gel transition under excess formaldehyde conditions. (c) (i) Schematics of a transient self-resettable hydrogel actuator driven by EDC-fueled
anhydride formation. The bilayer structure consists of a poly(AAc) hydrogel layer adhered to a PDMS layer, enabling one-cycle of bending and
recovery based on hydrophilicity modulation. (ii) Time-lapse images powered by EDC as a chemical fuel. (d) (i) Schematics of the mechanism
underlying fuel-driven one-cycle assembly in a self-erasing hydrogel ink. EDC serves as a chemical fuel to induce the formation of transient
anhydride bonds in dicarboxylates. (ii) Confocal micrographs of Fmoc-AAE series in response to EDC. All scale bars are 10 ym. (e) (i) Schematics
of a fuel-driven one-cycle regulation in sSPEG-SH hydrogels mediated by an enzymatic redox network. Upon H,0, addition, thiol-terminated 4-arm
polyethylene glycol (sSPEG-SH) forms disulfide cross-links, inducing gelation. The sol state is restored via an enzymatic reduction cascade in which
lipoamide dehydrogenase (LipDH) oxidizes NADH to generate dihydrolipoamide methyl ester (DHLAm) from lipoamide methyl ester (LAm),
which reduces disulfide bonds. (ii) Time-lapse images show a one-cycle gel—sol—gel transition. Panel (b) is reproduced with permission from ref
18S. Copyright 2020 American Chemical Society. Panel (c) is reproduced with permission from ref 186. Copyright 2022 American Chemical
Society. Panel (d) is reproduced with permission from ref 187. Copyright 2017 licensed under CC 4.0 Springer Nature. Panel (e) is reproduced
with permission from ref 188. Copyright 2024 American Chemical Society.

mM) as the chemical fuel, thiol groups are oxidized to form disulfide cross-links (Figure 10e(i)).”*" This orthogonal redox

—S—S— bonds, resulting in gelation. To reverse this oxidation,
the system employs lipoamide dehydrogenase (LipDH),
NADH, and dihydrolipoic acid methyl ester (DHLAm),
which together catalyze the selective reduction of disulfide
bonds, restoring the sol state. LipDH acts as an oxidor-
eductase, transferring electrons from NADH to lipoic acid
derivatives, generating DHLAm, which subsequently reduces

pathway enables the gel to return to the sol state. Gelation
typically occurs approximately 40—60 min after H,O,
injection, with the G’ increasing significantly from ~0.1 Pa
(sol state) to ~650 Pa (gel state). The hydrogel maintains a
stable gel state before gradually transitioning back to the sol
state, with G’ eventually returning to ~8 Pa after 900—1500
min, depending on the fuel concentration (Figure 10e(ii)).

https://doi.org/10.1021/acs.chemrev.5c00358
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One-cycle regulation: Deactivator-driven reaction (1) I
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Figure 11. Self-regulating hydrogels with one-cycle reaction via deactivator-driven urease catalysis. (a) (i) Schematics of the urease-catalyzed
enzymatic reaction for self-regulation. Injection of citric acid (promotor) and urea induces an initial pH drop followed by gradual pH recovery via
urease-catalyzed generation of ammonia, resulting in a one-cycle transition in hydrogel structure and mechanics. (ii) Schematic graph showing
time-dependent one-cycle regulation. Black curve: bell-shaped activity profile of urease, illustrating its positive feedback behavior. Black arrow:
system trajectory starting from high pH, followed by acid injection and subsequent pH recovery via the urease-catalyzed reaction. Orange curve:
real-time change in urease activity. (iii) Schematic graph showing time-dependent one-cycle regulation of G/, layer thickness, gel volume, and
bending angle. (b) (i) Molecular structure of Fmoc-L-G-OH (Fmoc = fluorenylmethoxycarbonyl, L = leucine, G = glycine) dipeptide. It can self-
assemble to the gel state forming nanofibrillar hydrogels under acidic conditions through the protonation of dissociable groups. (ii) Snapshots
showing a one-cycle sol—gel—sol transition in a dipeptide hydrogel, driven by sequential fueling with citric acid and urea. (c) (i) Schematic of a
photonic gel ilm composed of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP), where protonation of the poly(2-vinylpyridine) block induces
optical reflection. (ii) Time-lapse images showing a one-cycle transient color change, governed by enzymatic pH feedback and fluorescence
oscillation under repeated urea fueling. (d) (i) Structure and feedback mechanism of a breathing microgel system based on poly(N,N-
diethylaminoethyl methacrylate) (poly(DEAEMA)), exhibiting reversible fluorescence switching. (ii) TEM images of the hybrid microgel at pH 9
and pH 3.5. Reversible diameter changes of the microgel in time following repeated additions of chemical fuels. (iii) Reversible diameter changes of
the microgel by repeated additions of chemical fuels. (e) (i) Schematic of a bilayer actuator composed of a responsive layer based on poly(IN,N-
dimethylaminoethyl methacrylate) (poly(DMAEMA)) and a nonresponsive layer loaded with urease. (ii) Snapshots showing one-cycle
deformation and recovery of a star-shaped actuator, programmed by citric acid and urea fueling. (f) (i) Schematic design of a bilayer meta-gel
system consisting of a reaction—diffusion front layer composed of sPEG, urea, and urease, and a pH-responsive layer composed of poly(acrylamide-
co-acrylic acid) (poly(AAm-co-AA)). (ii) Snapshots showing one-cycle bending behavior, triggered by internal OH™ amplification via the urea—
urease reaction initiated by a high-pH hydrogel. Panel (b) is reproduced with permission from ref 202. Copyright 2015 John Wiley and Sons. Panel
(c) is reproduced with permission from ref 204. Copyright 2017 John Wiley and Sons. Panel (d) is reproduced with permission from ref 205.
Copyright 2017 John Wiley and Sons. Panel (e) is reproduced with permission from ref 206. Copyright 2022 American Chemical Society. Panel (f)
is reproduced with permission from ref 207. Copyright 2024 licensed under CC 4.0 Springer Nature.

These approaches demonstrate how fuel consumption and ase,”? 7' invertase (Inv), or glucose oxidase (GOX)ZIS_ZIS—
regulation can be precisely controlled through the design of generate deactivators such as ammonia, fructose, or gluconic
independent sequential reactions. acid, respectively. These deactivators gradually reverse the
5.3. Deactivator-driven Reactions initial pH change, returning the system to its original state. By

temporally separating the promoting and deactivating

Deactivator-driven reactions represent a subclass of one-cycle ‘ ] ) )
processes, deactivator-driven reactions enable precise, one-

self-regulation, often utilizing enzyme-driven catalytic reactions

to induce transient structural changes. Initially, a pH shift is cycle self-regulation.

triggered by introducing a promoter (e.g, acid or base) and Urease plays a crucial role by catalyzing the hydrolysis of

placing the system into a transient activated state. Sub- urea into ammonia (NHj;, the deactivator) and carbon dioxide

sequently, enzymatic reactions—typically catalyzed by ure- (CO,).>"7%*° As illustrated in Figure 1la(i), the system
S https://doi.org/10.1021/acs.chemrev.5c00358
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initially resides in a high-pH state, where urease remains
inactive due to its pH-dependent catalytic profile (Figure
11a(ii)). Upon injection of a promoter (@), such as citric acid,
the pH rapidly decreases, driving the system into a low-pH
state (®). This acidic environment activates urease, bringing it
into its optimal activity range near a neutral pH. The active
enzyme catalyzes the hydrolysis of urea, generating NH; and
CO, (®). NH; counteracts the effect of the promoter by
gradually increasing the local pH, further enhancing urease
activity and establishing a self-reinforcing positive feedback
loop (Figure 1la(ii), orange line). The reaction continued
until urease exited its active pH range, causing the reaction to
self-limit. Consequently, the system autonomously returns to
its original high-pH state (®) completing a self-regulated one-
cycle transition without additional inputs. This mechanism
enables dynamic modulation of material properties in hydrogel
actuators, particularly observed by changes in storage modulus
(G’), volume, and bending angle (Figure 11afiii)).

Heuser et al. introduced a urease-catalyzed self-regulating
sol—gel—sol transition behavior (Figure 11b).2 They selected
Fmoc-L-G-OH (Fmoc = fluorenylmethoxycarbonyl, L =
leucine, G = glycine), which self-assembles into well-defined
twisted ribbon-type nanofibrils and hydrogels at low pH upon
removal of electrostatic repulsion at the carboxylate groups
(Figure 11b(i)).>*" An initial solution containing 0.6 wt %
Fmoc-L-G-OH and 0.8 g/L urease was prepared, into which a
fuel mixture of 60 mM urea and 12 mM citric acid/sodium
citrate (CA/Na;C, 9:1) buffer was subsequently added. This
fuel addition established a transient pH profile, rapidly
dropping from pH 9.5 to 3.5 within 0.1 min and then
gradually recovering to above 8.5 after approximately 20 min,
triggering gel formation followed by spontaneous disassembly.
The system rapidly transitions from sol to gel, forming a self-
supporting hydrogel, and then reverts to the sol state within
approximately 46 min. Rheological analysis revealed that G’
sharply increased to above 2000 Pa within ~3 min after fuel
addition, surpassing the loss modulus (G”) and indicating the
formation of a robust gel state. However, after ~20 min, G’
dropped below 1 Pa, falling beneath G”, corresponding to a
return to the sol state. This behavior was confirmed by simple
tube-inversion tests (Figure 11b(ii)). Analogously, transient
supramolecular hydrogels were developed using benzyloxycar-
bonyl-L-phenylalanine (Cbz-Phe), which self-assembled into
densely entangled nanofibers under acidic conditions via
hydrogen bonding and 7—7 interactions.”** Rapid acidification
induced fibrillation and gelation, while a subsequent generation
of ammonia from urea led to a pH increase, resulting in
defibrillation and gel collapse.

They further applied urease-catalyzed one-cycle regulation
to pH-responsive photonic gels composed of polystyrene-b-
poly(2-vinylpyridine) (PS-b-P2VP) diblock copolymers.”**
These copolymers self-assemble into lamellar mesophase
structures, allowing selective hydrophobic/hydrophilic switch-
ing of the P2VP layers (Figure 11c). Under neutral or high pH
conditions, the photonic film remained dry and transparent.
However, when the pH is reduced below the apparent pK, of
P2VP (~3.2), protonation of pyridine groups leads to
anisotropic swelling of the P2VP layers, thereby inducing a
photonic bandgap in the visible spectrum and a reflective color
appearance at approximately 560 nm (Figure 11c(i)).”** A film
prepared by depositing a 50 mg/mL PS-b-P2VP solution onto
a glass substrate was immersed in an aqueous solution
containing urease. By fueling the system with a chemical

mixture containing urea (60 mM) and citric acid/sodium
citrate buffer (4 mM CA/Na;C, CA:Na,C = 0.95:0.05), the
initial pH drops triggered swelling in the photonic layer,
activating urease. This enzymatic reaction increased the pH,
reversing the swelling and causing shrinkage of the P2VP
layers, thus autonomously reverting the gel to its transparent
state autonomously. This strategy was further extended to
demonstrate the first example of patterned, self-regulating
photonic displays (Figure 11c(ii)). A photonic mirror
composed of PS-b-P2VP was selectively masked with a
PDMS film patterned with three distinct letters. By immersing
this device into pH-fueled solutions containing varying urease
concentrations (0.30, 0.15, and 0.10 g/L), each letter exhibited
a reflective state with individually programmed lifetimes of
approximately 10, 45, and 113 min, respectively.

Che et al. developed a one-cycle self-regulating “breathing”
microgel system composed of poly(IN,N-diethylaminoethyl
methacrylate) (poly(DEAEMA)) and covalently immobilized
urease (Figure lld).m’ Protonation and deprotonation of
poly(DEAEMA) chains in response to pH changes enabled
reversible swelling and shrinkage of the microgel particles,
resulting in dynamic size modulation and fluorescence
switching (Figure 11d(i)). To drive one-cycle regulation, the
system was fueled with urea (60 mM) and citric acid/sodium
citrate buffer (9 mM CA/Na,C, CA:Na,C = 9:1). Urease was
covalently immobilized within the microgel at a concentration
of 0.6 mg/mL. The acidic buffer initially induced the
protonation and swelling of poly(DEAEMA), simultaneously
activating urease to catalyze the decomposition of urea into
ammonia. The resulting base generation caused the microgels
to shrink (Figure 11d(ii)). Consequently, the microgel
exhibited reversible swelling—shrinking and fluorescence on/
off behavior. Upon repeated fuel injections, the microgel
showed continuous, periodic modulation of the fluorescence
intensity with a characteristic cycle period of approximately 45
min. The microgel size reversibly increased up to approx-
imately 820 nm and subsequently decreased to about 420 nm,
maintaining consistent size oscillations over multiple fuel
additions (Figure 11d(iii)).

Recently, Zhang et al. explored bilayer hydrogel actuators
that utilize swelling—shrinking behavior, leveraging temporally
programmed responses for dynamic shape transformations
(Figure 11e).”® One such system integrated pH-responsive
poly(dimethylaminoethyl methacrylate) (poly(DMAEMA)))
hydrogel layer with a nonresponsive layer containing
immobilized urease (4 mg/mL). Upon fueling with acidic
urea solution (9.5 mM), the actuator underwent initial swelling
due to acid-induced protonation, followed by enzymatic
ammonia production, gradually increasing the pH and
triggering shrinking (Figure 1le(i)). The curvature of the
bilayer changed from 0 m™ (flat) to approximately SO m™'
within 40 min before gradually returning to a flat state within
220 min. Furthermore, star-shaped bilayer actuators exhibited
protective folding under acidic conditions induced by the
promoter, subsequently recovering their original shape as the
pH returned to neutral, with complete recovery occurring after
approximately 160 min (Figure 11le(ii)).

Duzs et al. also developed self-regulating bilayer hydrogel
actuators termed metagels by integrating layered hydrogels
with embedded chemical circuitry for spatiotemporal feedback
control (Figure 11f).”"” The system comprises a front layer of
star-shaped PEG (sPEG) containing urease (1.34 g/L) and
urea (55 mM) and a responsive layer composed of poly(AAm-
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Figure 12. Self-regulating hydrogels with one-cycle reaction via deactivator-driven enzymatic cascades. (a) Schematics of the deactivator-driven
enzymatic cascades composed of invertase (Inv) and glucose oxidase (GOx), enabling one-cycle regulation. Addition of an amine base (promotor),
Inv, and GOx initially increases the pH, which is subsequently decreased through the enzymatic cascade, resulting in a transient pH cycle that drives
reversible hydrogel transitions. Schematic graph showing time-dependent one-cycle regulation of viscosity and microgel spacing. (b) (i) Molecular
structure of Fmoc-ethylenediamine hydrochloride, a pH-responsive gelator that self-assembles into nanofibrillar hydrogels under basic conditions
(pH > 8.4). (ii) Snapshots showing a one-cycle sol—gel—sol transition, driven by base, Inv, and GOx fueling, highlighting sol—gel—sol transition.
(c) (i) Schematic of a chemo-structural feedback system based on pH-responsive microgels, where microgel 1 (functionalized with CD) and
microgel 2 (modified with AZ) undergo coassembly at high pH through host—guest interactions. The enzymatic production of gluconic acid
triggers disassembly, completing one-cycle regulation. (ii) Confocal laser scanning microscopy (CLSM) images showing one-cycle reversible
coassembly and disassembly, with time-dependent changes in microgel spacing visualizing the enzymatic cascade. Panel (b) is reproduced with
permission from ref 215. Copyright 2021 John Wiley and Sons. Panel (c) is reproduced with permission from ref 216. Copyright 2022 John Wiley

and Sons.

co-AAc) (Figure 11f(i)). Upon contact with a high-pH
hydrogel piece, 240 mM NaOH was introduced, and OH™
diffused into the front layer, triggering autocatalytic OH™
production via the urea—urease reaction and initiating a
reaction-diffusion wave across the device. This chemical
amplification activated swelling in the adjacent pH-sensitive
poly(AAm-co-AAc) hydrogel layer. Initially, osmotic pressure
from ion generation caused slight rightward bending (0—10
min). As OH™ diffused further, deprotonation of AAc moieties
induced substantial swelling, causing the bend to shift from
rightward to leftward over 120 min (Figure 11£(ii)).

Glucose oxidase (GOx) and invertase (Inv) are widely
utilized in deactivator-driven one-cycle regulation due to their
capability to generate acidic byproducts (deactivator) through
an enzymatic cascade. As depicted in Figure 12a, this cascade
initiates from a high-pH state maintained by an amine base
(promoter). Upon the introduction of sucrose as a chemical
fuel, Inv catalyzes its hydrolysis into glucose and fructose.
Subsequently, glucose is oxidized by GOx, yielding gluconic
acid, a deactivator that progressively lowers the system’s pH.
This acidification eventually overrides the promoter’s effect,
inducing a directional pH shift. As the environment becomes
increasingly acidic, enzyme activities decline as they exit their
optimal pH ranges, naturally terminating the cascade. This
multistep enzymatic cascade allows precise one-cycle pH
modulation, driving sol—gel—sol or disassembly—assembly—
disassembly transitions in hydrogels, which can be tracked via

time-dependent viscosity changes or variations in microgel
spacing.

Fan et al. developed an enzymatic cascade-based logic gate
system to control transient pH signals and sol—gel—sol
transitions (Figure 12b).”"> Their system, comprising 1 wt %
Fmoc-ethylenediamine hydrochloride, initially existed in a sol
state under mildly acidic conditions (pH 3.0, 1.5 mM CA/
Na,C buffer). The addition of fuel (100 mM sucrose, 20 mM
Tris(hydroxymethyl)aminomethane (Tris) buffer as a pH
promoter, 0.60 g/L invertase, and 1.40 g/L glucose oxidase)
established a transient pH profile, rapidly increasing from pH
3.0 to 8.8 within 0.1 min, followed by a gradual decrease to
around 3.5 over several hours due to gluconic acid production
by enzymatic cascade reactions (Figure 12b(i)). To illustrate
environmental robustness, sucrose was replaced with beet
syrup, enabling the system to function effectively even in
complex media, such as milk. Transient hydrogels formed
exclusively in the presence of both enzymes, validating the
necessity of a full enzymatic cascade for effective one-cycle
regulation. The gel lifetime, approximately 3 h as shown in
Figure 12b(ii), could be finely adjusted from 15 min to over 24
h by modifying enzyme concentrations. The sol—gel—sol
transitions were visually confirmed using tube-inversion tests
and quantitatively tracked through time-dependent viscosity
changes.

Sharma et al. further developed a chemo-structural feedback
system utilizing pH-responsive microgels capable of transient
coassembly and spontaneous disassembly via enzyme-gener-
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Figure 13. Self-regulating hydrogels with a one-cycle reaction via a fuel-decomposed chemical reaction. (a) Schematics of the self-decarboxylating
reaction triggered by tribromoacetic acid (TBA), enabling one-cycle regulation. Upon TBA injection, transient acidification occurs through
spontaneous decarboxylation, which is followed by spontaneous pH recovery, leading to time-programmed deformation of hydrogel actuators. The
right graph shows the time-dependent one-cycle regulation of the bending angle of hydrogels. (b) (i) Schematic illustration of the pH-responsive
behavior of poly(aspartic acid) (polyA®) hydrogels. At high pH, deprotonated carboxylate groups induce swelling, whereas at low pH, protonation
causes the hydrogel to shrink. (ii) Time-series images showing a one-cycle self-regulating behavior of a bilayer actuator composed of a polyA®
responsive layer and a passive layer, driven by TBA-fueled transient acidification. (iii) Self-regulating interlocking of complementary hydrogel
puzzle pieces through a one-cycle shrinking—swelling process. ® Unfueled pieces remain misaligned. @ TBA fueling induces contraction of
hydrogel heads. ® Contracted pieces interdigitate. @ Reswelling irreversibly locks the interlocked structure in place. Panel (b) is reproduced with

permission from ref 223. Copyright 2022 John Wiley and Sons.

ated acidification (Figure 12¢).”'° Two distinct types of core—

shell microgels (MGs) were synthesized: microgel 1 was
functionalized with a-cyclodextrin (CD), N,N-dimethylethy-
lenediamine, and immobilized Inv (0.2 mg/mL), whereas
microgel 2 was modified with azobenzene (AZ), the same
amine base, and immobilized GOx (0.2 mg/mL) (Figure
12c(i)). The complementary host—guest interactions between
CD and AZ units facilitated selective coassembly. Initially,
under acidic conditions (1.5 mM citric acid/sodium citrate
buffer (CA/Na;C, pH 3.5)), electrostatic repulsion among the
weak cationic groups (—N(Me),) prevented the microgels
from assembling, maintaining them as dispersed. Upon fueling
with a chemical mixture consisting of tris buffer (20 mM, pH
8.8) and sucrose (200 mM), the resulting pH increase
promoted coassembly via electrostatic attraction and host—
guest interactions between CD and AZ units. In the
coassembled state, spatial proximity between enzyme-loaded
microgels enhanced the enzymatic cascade, where Inv
converted sucrose into glucose, subsequently oxidized by
GOx into gluconic acid. The resultant pH decrease disrupted
the supramolecular interactions and electrostatic attraction,
leading to spontaneous disassembly. This dynamic behavior
was directly visualized via confocal laser scanning microscopy
(CLSM), showing reversible coassembly and dispersion of
labeled microgels (Figure 12c(ii)). The system exhibited a
lifetime of approximately 780 min, significantly shorter than a
control system lacking coassembly capabilities.

5.4. Fuel-Decomposed Reactions

Fuel-decomposed reactions represent a crucial subclass of one-
cycle self-regulation, wherein transient hydrogel states are
driven by chemical fuels that undergo intrinsic chemical
decomposition*** or enzymatic degradation.”**~**° The return
to the original state occurs spontaneously without additional

external stimuli, as it is driven by the internal consumption of
the fuel itself.

A representative example is the self-decarboxylation of
tribromoacetic acid (TBA) (Figure 13). Upon addition to an
alkaline medium, TBA rapidly deprotonates to tribromoace-
tate, which subsequently undergoes spontaneous decarbox-
ylation. This decarboxylation forms a carbanion intermediate,
which quickly scavenges a proton from solution, ultimately
yielding bromoform (CHBr;) as a neutral product (Figure
13a).””’ During this process, the pH initially decreases sharply,
inducing shrinkage of responsive hydrogels by protonation. As
decarboxylation progresses and the acidic fuel is gradually
consumed, the pH autonomously returns to its original alkaline
state, completing a one-cycle self-regulation loop.

Fusi et al. demonstrated this mechanism using TBA to
control self-regulating actuation in poly(aspartic acid)
(polyA®) hydrogels (Figure 13b).”** PolyA’ hydrogels swell
at high pH due to ionization of carboxylate groups and shrink
at lower pH through protonation (Figure 13b(i)). Upon
injection of TBA, the pH rapidly decreased from an initial
value of approximately 7.0 to ~3.0, and this acidic state
persisted for about 250 min (~4 h). Subsequently, due to the
decarboxylation of TBA, the pH gradually increased, enabling
spontaneous recovery. Using bilayer actuators composed of a
polyA® responsive layer and poly(2-acrylamido-2-methylpro-
panesulfonic acid) (poly(AMPS)), addition of TBA (5.0 mM)
induced bending, a maximum deformation of approximately
140° at ~2000 min, followed by recovery at ~3070 min
(Figure 13b(ii)). This self-regulation enabled complex
functions such as interlocking hydrogel-based puzzle pieces,
illustrating the system’s potential for programmable actuation
tasks autonomously (Figure 13b(iii)).
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Figure 14. Self-regulating hydrogels with a one-cycle reaction via fuel-decomposed enzymatic reaction. (a) Schematics of fuel-decomposed
enzymatic reactions catalyzed by (i) potato apyrase (PA), (ii) a-amylase, and (iii) trypsin, enabling one-cycle regulation. (iv) Chemical fuels such
as ATP, poly-a-p-glucose, or polypeptides induce transient structural changes, which are autonomously reversed by enzymatic degradation of the
fuel. The graph shows time-dependent one-cycle regulation of transmittance or volume or G'. (b) (i) Schematic of transient nanoparticle formation
and disassembly driven by ATP as a fuel. ATP electrostatically complexes with lactobionic acid-modified chitosan (LA-CS), inducing turbidity.
Over time, PA catalyzes ATP hydrolysis into AMP and Pi, depleting the fuel and restoring hydrogel transparency. (ii) Time-lapse images of the
hydrogel labeled with pseudocolors, showing self-regulation of opaqueness. (c) (i) Schematic of transient supramolecular hydrogels based on a-
CD-fueled host—guest interactions. a@-CD forms inclusion complexes with the PEO chains of Pluronic F127, inducing gelation. Embedded a-
amylase enzymatically degrades a-CD over time, depleting the fuel and causing gel collapse. (ii) Optical images showing the appearance of the
F127/a-CD/a-amylase system at different times after fuel addition, visualizing the complete sol—gel—sol cycle. (d) (i) Schematic of one-cycle
shrinking—swelling behavior in a metabolic cycle-inspired hydrogel (MC gel) composed of acrylic acid (AAc) and acrylamide—trypsin conjugate
(AcTryp). Fueling with poly-L-lysine (PL) induces gel shrinking via electrostatic cross-linking, followed by autonomous reswelling triggered by
enzymatic degradation of PL into short peptides by embedded trypsin. (ii) Time-dependent volume change of the MC gel, showing a full one-cycle
transition from shrinkage to recovery upon PL fueling. Panel (b) is reproduced with permission from ref 224. Copyright 2023 John Wiley and Sons.
Panel (c) is reproduced with permission from ref 225. Copyright 2022 John Wiley and Sons. Panel (d) is reproduced with permission from ref 226.
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One-cycle regulation can also be achieved through
enzymatic digestion of molecular or polymeric fuels (Figure
14). Representative examples include potato apyrase (PA)-
mediated ATP-consuming reactions, controlling host—guest
interaction by a-amylase, and enzymatic degradation of
polycations using trypsin. Specifically, PA functions by
gradually decomposing ATP in solution into adenosine
monophosphate (AMP) and two molecules of orthophosphate
(Pi), thereby reducing the multivalency and binding capacity
of the fuel over time (Figure 14a(i)).””® In an analogous
mechanism, a-amylase catalyzes the hydrolysis of poly-a-p-
glucose into maltose (Figure 14a(ii)).”** Similarly, trypsin
catalyzes the stepwise cleavage of polypeptide chains into short
polypeptide fragments (Figure 14a(iii) ).”*° These mechanisms
are utilized in one-cycle self-regulating systems, where injection
of ATP or polypeptide into initially disassembled polymer
networks induces the rapid association and formation of
assembled structures via electrostatic interactions. As the
enzymatic digestion proceeds, the fuel is consumed and the
system autonomously returns to its original disassembled state.
This dynamic process enables time-dependent one-cycle
regulation of physical properties such as transmittance or gel
volume or G’ (Figure 14a(iv)).

Li et al. developed a dissipative self-assembly system that
couples ATP-triggered nanoparticle formation with enzymatic
fuel decomposition to regulate hydrogel properties (Figure
14b).”** In this design, lactobionic acid-modified chitosan
(LA-CS, 0.16 wt %) undergoes rapid electrostatic complex-

ation with ATP, leading to the formation of transient
nanoparticles. These nanoparticles induce light scattering and
opacification of the solution or hydrogel matrix. Over time,
potato apyrase (PA) catalyzes the hydrolysis of ATP into AMP
and Pj, thereby disassembling the nanoparticles. This one-cycle
results from transparent to opaque and back to transparent
(Figure 14b(i)). Upon addition of S yL of 60 mg/mL ATP
with potato apyrase concentrations of S U/mL into the
hydrogels, the opacity gradually increased, reaching its
maximum intensity after about 40 min, followed by recovery
of transparency within about 80 min (Figure 14b(ii)). The
grayscale intensity changed from approximately 0 to between
40 and 100 during a single cycle. This system exemplifies
precise self-regulation of hydrogel transparency mediated by
enzymatically controlled transient self-assembly.

Lu et al. developed a host-fueled transient supramolecular
hydrogel system in which a-cyclodextrin (a-CD) acts as a
chemical fuel to drive gelation via host—guest interactions with
Pluronic F127 (Figure 14c).”*® In this design, the poly-
(ethylene oxide) (PEO) chains of F127 thread into the
hydrophobic cavity of a-CD, forming pseudopolyrotaxane
structures that promote supramolecular cross-linking and
induce gelation.””' The embedded enzyme a-amylase gradually
hydrolyzes @-CD into maltose, thereby depleting the fuel and
disrupting the host—guest network. This process enables an
autonomously timed sol—gel—sol transition (Figure 14c(i)).
As shown in Figure 14c(ii), the system rapidly transitions from
a transparent solution to an opaque hydrogel within 20 min
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Figure 15. Self-regulating hydrogels with a one-cycle reaction via competing reactions of enzymes. (a) Schematics of the urease- and esterase-
catalyzed enzymatic reactions for one-cycle self-regulation. Fueling with urea and ethyl acetate initiates opposing pH-modulating reactions, where
urease produces ammonia to raise pH and esterase generates acetic acid to lower pH, enabling a temporally programmed one-cycle transition. (b)
(i) Schematic of a pH-responsive DNA hydrogel cross-linked by i-motif sequences. Urea and ethyl acetate act as fuels for urease- and esterase-
catalyzed reactions, respectively, inducing reversible sol—gel—sol transitions through sequential pH shifts. (ii) Tube inversion test showing a one-
cycle gelation and disassembly process, driven by enzymatic fuel consumption. (c) (i) Schematic of transient Fmoc-ethylenediamine assembly
controlled by a compartmentalized hydrogel containing esterase and urease in layered domains. Fueling triggers spatially modulated pH gradients,
leading to temporary self-assembly in the supernatant. (ii) Time-lapse images showing turbidity changes, reflecting one-cycle peptide aggregation
and disassembly regulated by enzymatic reaction timing. Panel (b) is reproduced with permission from ref 238. Copyright 2017 American
Chemical Society. Panel (c) is reproduced with permission from ref 240. Copyright 2020 John Wiley and Sons.

after a-CD addition, accompanied by an increase in G’ from
approximately 400 to 45,000 Pa within 90 min, and returns to
a sol state after approximately 390 min as the a-CD is
enzymatically consumed. The gelation and degradation
processes are fully reversible upon refueling with a-CD.

In another study using a-amylase, Li et al. recently reported
the use of y-cyclodextrin (y-CD) as a biocompatible chemical
fuel”* In this system, y-CD forms transient host—guest
complexes with the hydrophobic C18 side chains of a
poly(AAc)-based hydrogel, disrupting the hydrophobic
domains and inducing gel disassembly. Over time, the enzyme
a-amylase gradually degrades y-CD, allowing the hydrophobic
interactions to reform and restore the gel state.””* ™%’

Nakamoto et al. developed a biomacromolecule-fueled
hydrogel system that undergoes a one-cycle transient volume
phase transition in response to poly-L-lysine (PL) as a
polymeric fuel (Figure 14d).”*° The system employs a
metabolic-cycle-inspired hydrogel (MC gel) incorporating
AAc (50 g/L) for PL affinity and acrylamide-functionalized
trypsin (AcTryp, 1 g/L) for enzymatic digestion. Upon PL (2
g/L) fueling, the negatively charged hydrogel forms electro-
static cross-links with PL, leading to macroscopic shrinkage
due to network densification (Figure 14d(i)). As embedded
trypsin digests PL into oligolysine fragments that cannot
maintain cross-linking, the hydrogel spontaneously reswells.
This dynamic behavior proceeds with rapid shrinkage, followed
by slower reswelling, determined by the fuel concentration and
digestion kinetics. At a PL concentration of 2 g/L, the gel
volume decreased to ~43% within 2 h and recovered to ~94%
over ~50 h (Figure 14d(ii)). This system demonstrates one-
cycle self-regulation driven solely by the interplay between
multivalent binding and enzymatic fuel decomposition.

5.5. Competing Reactions

One-cycle regulation can also be achieved by systems coupling
two reactions with opposing effects and distinct kinetic
profiles. These reactions broadly fall into two categories:
enzyme-based systems (Figure 15)**"7**" and kinetically
mismatched photoresponsive systems (Figure 16).**' In
enzyme-based systems, two enzymes with distinct kinetics act
on different substrates, generating pH changes in opposite
directions. Photoresponsive systems, on the other hand,
employ two photoisomerizable components exhibiting differ-
ent kinetic responses to the same light stimulus, resulting in
time-dependent variations in net charge or hydrophilicity.

First, enzyme-based systems utilize kinetic asymmetry
between enzymes to control pH dynamics. As illustrated in
Figure 15a, urease hydrolyzes urea to produce ammonia
(NH;) and carbon dioxide (CO,), causing a rapid pH increase.
Subsequently, esterase hydrolyzes ethyl acetate (EA) into
acetic acid and ethanol, gradually decreasing the pH and
reversing the initial response. This transient behavior arises
because urease acts rapidly under mildly acidic conditions,
whereas esterase proceeds more slowly over a broader pH
range. By adjusting enzyme ratios, fuel amounts, and buffer
capacity, the duration and magnitude of the high-pH state can
be finely tuned.”** This competitive enzymatic strategy enables
dynamic hydrogel transitions, trackable through time-depend-
ent changes in G’ and optical reflectance.

Heinen et al. developed a self-regulating DNA hydrogel
system by integrating a biocatalytic pH-feedback network with
a pH-responsive, i-motif cross-linked poly(AAm) hydrogel.”**
The i-motif DNA domains exhibit pH-dependent folding
behavior; at low pH (approximately 4.5), the i-motif folds into
an intramolecular quadruplex structure, preventing hybrid-
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Figure 16. Self-regulating hydrogels with one-cycle reaction via competing reactions of photoisomerizations. (a) (i) Chemical structures and
photoinduced charge transitions of MCH1 and MCH2. Upon visible light irradiation, MCHI rapidly converts from a zwitterionic to a negatively
charged spiropyran, while MCH2 slowly transitions from a positively charged to a neutral form. (ii) Schematic of a poly(NIPAAm-co-MCH),
exhibiting light-driven swelling—shrinking behavior governed by net charge variation. (iii) Schematics showing asymmetric charge transitions across
the MCH(1+2) hydrogel film under constant illumination, generating a transient top-to-bottom gradient and inducing bidirectional one-cycle
bending deformation. (b) Bending angle plot of an MCH(1+2) hydrogel film under constant illumination, showing sequential positive and negative
curvature, completing one full cycle of bidirectional actuation. (c) Rolling behavior of an O-ring-shaped MCH(1+2) hydrogel actuator,
demonstrating one-cycle bidirectional locomotion under constant illumination. The actuator initially rolls in one direction and subsequently
reverses, completing a full locomotion cycle. Panels (a), (b), and (c) are reproduced with permission from ref 241. Copyright 2024 licensed under

CC 4.0 Springer Nature.

ization and maintaining the hydrogel in a sol state (Figure
15b(i)). Upon introduction of chemical fuels consisting of urea
(60 mM) and ethyl acetate (EA, 240 mM), with enzymes
urease (0.6 g/L) and esterase (0.5 g/L), the urease-driven
hydrolysis of urea initially elevated the pH from 4.5 up to
approximately 8.5 within ~20 min, unfolding the i-motif. This
structural change enables hybridization between the i-motif
DNA cross-linker and complementary strands embedded in
the polyacrylamide backbone, triggering a sol-to-gel transition.
Over time, the esterase-mediated hydrolysis of EA gradually
decreased the pH back to around 4.75 after approximately 17.5
h, prompting the refolding of the i-motif structures and
restoration of the initial sol state. Through precise tuning of
buffer conditions and enzyme proportions, distinct lag times
and gel durations can be programmed. A representative setup
demonstrated a lag phase of approximately 20 min followed by
a transient gel phase lasting about 17.5 h, during which the G’
significantly increased from approximately 1 Pa (sol state) to

around 60 Pa (gel state), underscoring the system’s robust
programmability and controlled responsiveness (Figure 15b-
b(ii)). Furthermore, Bashir et al. demonstrated reversible
control of sol—gel—sol transitions of PVA—borate hydrogels
based on a similar mechanism.”*’

As shown in Figure 1S5¢, Fan et al. designed a
compartmentalized trilayer hydrogel system to achieve one-
cycle control over Fmoc-ethylenediamine hydrochloride self-
assembly similar to Figure 12b.”** One typical setup spatially
separated urease and esterase into distinct hydrogel layers:
urease (0.3 mg/mL) was embedded in the top hydrogel layer
and esterase (0.7 mg/mL) in the bottom layer. Upon fueling
with urea (12.5 mM) and ethyl acetate (EA, 187.5 mM),
urease in the upper layer rapidly converted urea into ammonia,
increasing the pH and inducing peptide self-assembly and
gelation. The concentration of Fmoc-ethylenediamine hydro-
chloride was 0.3 wt %. Subsequently, esterase-generated acetic
acid diffused upward, gradually decreasing the pH and
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disassembling the peptide structures (Figure 15¢(i)). This
spatial arrangement created a time-programmed pH trajectory,
resulting in the transient aggregation of amphiphilic peptides in
the supernatant. The reflective state reached a maximum
reflectance of approximately 80% at around 10 h after
injection, decreasing back to transparent after more than 36
h (Figure 15c(ii)). Additionally, by adjustment of the order
and thickness of the enzyme layers, various transient pH flips
can be precisely programmed.

In addition to enzyme-based systems, one-cycle regulation
can also be achieved through competing photoresponsive
reactions with kinetically mismatched photoisomerization
kinetics (Figure 16).”*" These systems exploit photoisomeriza-
tion reactions of spiropyrans that induce time-dependent
changes in the net charge of the hydrogel network.”***** Upon
continuous light exposure, two spiropyran moieties with
distinct photoisomerization kinetics undergo sequential charge
transitions—one rapidly decreasing or increasing charge and
the other responding more slowly. Guo et al. developed a
hydrogel system incorporating two spiropyrans, MCHI and
MCH?2, which exhibit opposite charge transitions upon visible
light irradiation. MCHI rapidly isomerizes from a zwitterionic
merocyanine to a negatively charged spiropyran, while MCH2
slowly converts from a positively charged state to a neutral
form (Figure 16a(i)). In this system, the authors used a
poly(NIPAAm) hydrogel network in which two spiropyrans,
MCH1 and MCH?2, were uniformly copolymerized (Figure
16a(ii)). Poly(NIPAAm) hydrogel remains swollen when the
network carries a net charge due to enhanced electrostatic
repulsion and hydrophilicity, whereas it tends to shrink when
the charge is neutralized. This kinetic mismatch leads to a
sequential net charge transition from positive to neutral to
negative, causing the hydrogel to first contract and then
expand. This charge transition occurs asymmetrically across
the hydrogel thickness due to the time-dependent penetration
of light. Initially, the top layer experiences a rapid decrease in
net charge (from +2 to 0) as MCHI isomerizes, while MCH2
remains in its positively charged form. This transient
neutralization leads to local contraction at the top, while the
bottom layer remains positively charged, resulting in positive
(upward) bending. As the illumination continues, MCH2 in
the top layer slowly isomerizes to its neutral form, driving the
net charge to —2. Simultaneously, the bottom layer
sequentially follows the same charge transition with a delay.
This reversal in the charge gradient induces negative
(downward) bending, completing a full bidirectional bending
cycle under constant illumination. This kinetically controlled
photoisomerization strategy enables reversible one-cycle
bending under constant light exposure (Figure 16a(iii)). The
MCH(1+2) hydrogel exhibited clear bidirectional bending
under constant illumination, with the bending angle initially
reaching ~+90° upward, then reversing direction to ~—75°
(Figure 16b). This behavior reflects the sequential contraction
and expansion governed by the net charge transition across the
hydrogel thickness. To further demonstrate locomotion, the
hydrogel was fabricated into an O-ring shape, which showed
self-regulated rolling behavior under constant light (Figure
16¢). Initially, the ring rolled left due to contraction at the
illuminated edge but reversed direction after 1945 s as
expansion took over, completing a one-cycle bidirectional
rolling motion with forward displacement of approximately 80
mm followed by backward displacement of around 50 mm.

AA

Taken together, in this section, we summarize representative
examples of one-cycle regulation, categorized according to
hydrogel matrix, hydrogel type, regulating fuels, regulating
period, regulation degree, deformation type, and their
applications in Table 3.

6. FUTURE DIRECTIONS AND CONCLUDING
REMARKS

6.1. Rebuilding Feedback Loop Architectures for
Self-Regulation

Despite recent advances, significant challenges remain in
improving feedback loops for self-regulating hydrogels.
Mechanical and optical feedback loops rely heavily on precise
spatial arrangements between the hydrogel actuator and the
stimulus. They also necessitate rapid responsiveness from
hydrogels, thus making the development of responsive
hydrogels with fast kinetics indispensable. Furthermore, future
research is essential to extend beyond traditional pH- and
temperature-responsive hydrogels, enabling broader utilization
of diverse responsive hydrogels. Oscillatory chemical reactions,
such as Belousov—Zhabotinsky (BZ) reactions****® and pH
oscillators,”*” commonly involve multiple reactants and harsh
reaction conditions. Moreover, their regulation typically occurs
under highly specific and tightly controlled environments,
severely restricting their applicability and sustainability.
Systems driven by chemical oscillations often face considerable
challenges when operating under physiologically or environ-
mentally variable conditions. For instance, sustained chemical
oscillations like the BZ reaction utilize highly toxic chemicals
such as nitric acid, malonic acid, and sodium bromate at
substantial concentrations. Similarly, pH oscillator systems
(e.g, HPD and Landolt oscillators) involve hazardous
chemicals, extreme pH conditions (either strongly alkaline or
mildly acidic), and continuous stirred-tank reactor (CSTR)
setups to maintain stable oscillations, limiting their practical
deployment significantly. One-cycle regulation mechanisms are
generally simpler and more biofriendly, primarily due to their
reliance on enzymatic systems and biocompatible organic
molecules, making them more readily adaptable to physio-
logical conditions. However, their operation inherently
necessitates repeated refueling, which constrains their long-
term autonomy.

In addition to the refining feedback mechanisms, the choice
of fuel is another critical consideration. Current self-regulating
hydrogel systems predominantly rely on limited fuel types—
primarily chemical (e.g., protons and redox agents) and optical
(light). Chemical fuels are advantageous as they can store and
release substantial energy through chemical reactions,
effectively converted into mechanical motion or other forms
of useful work. Optical fuels offer unique capabilities, including
wireless signaling, remote powering, and directional control.
Nevertheless, novel stimuli and alternative mechanisms for
signal transduction within hydrogels should be explored.
Potential stimuli include electric fields (e.g., dielectric
reconfiguration), magnetic fields (e.g., paramagnetic or
diamagnetic actuation), gravitational orientation (e.g, den-
sity-driven sedimentation), and buoyancy gradients (e.g.,
shape-dependent floating dynamics). Although these stimuli
offer advantages in precise spatiotemporal control, their
inherent characteristics may restrict functional diversity and
long-term sustainability.

https://doi.org/10.1021/acs.chemrev.5c00358
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Integrating these alternative stimuli into hybrid systems
alongside chemical or light fuels could overcome the existing
limitations. Recent work shows that patterned electric fields
steer photoelectroactive gels along programmed routes,”**
magnetic gradients reversibly control BZ chemical waves,**
and buoyancy cues, combined with a chemomechanical pH
oscillator in a density stratified medium, convert swelling and
deswelling into spontaneous float and sink cycles.””’ These
electric, magnetic, and buoyancy stimuli enhance the
controllability of self-regulating systems. Additionally, integrat-
ing exothermic enzymatic reactions with mechanical feedback
loops is another promising example. Such hybrid approaches
could facilitate sophisticated, sustainable, and autonomous
behaviors suitable for practical applications. Nonetheless, the
implementation of these hybrid architectures poses significant
challenges. It requires careful management of compatibility
among diverse feedback mechanisms and ensuring system
stability over multiple cycles, ultimately enabling versatile and
practical self-regulating hydrogels. In conclusion, clearly
identifying the feedback mechanisms and energy sources
(fuels) is crucial in the development of self-regulating
hydrogels. Ideally, the fuel should provide sufficient energy
to drive reactions inducing hydrogel deformation, and well-
designed feedback mechanisms should freely regulate the
characteristic time scale and interactions within these out-of-
equilibrium systems.

9

6.2. Designing Hydrogels for Enhanced Self-Regulating
Actuators

Current self-regulating hydrogel actuators predominantly focus
on behaviors such as locomotion through sol—gel transitions
and bending via swelling—shrinking mechanisms. However,
these approaches alone are insufficient to fulfill the complex
requirements of life-like tasks and practical applications.
Consequently, future research should aim to incorporate
advanced deformation modes such as anisotropic deformation
for precise directional control,””**" torsional actuation for
rotational movements,””> or snapping for rapid shape trans-
formations.”

Moreover, optimizing the internal network topology of
hydrogels represents a crucial research frontier. For instance,
the design of polymer networks capable of establishing internal
fuel concentration gradients is essential. Such gradients can
propagate chemical oscillatory feedback loops that coordinate
or temporally delay motions. Beyond external parameters like
fuel concentration or light intensity, deeper investigations are
required to understand how intrinsic hydrogel properties—
such as shape, geometry, and internal structural hetero-
geneity—can autonomously modulate the cycles, directions,
and dynamics of self-regulation. Leveraging 3D printing
technologies will enable the creation of more complex and
sophisticated self-regulating actuators. To achieve these
advanced capabilities, additive manufacturing techniques—
such as direct ink writing, stereolithography, and multimaterial
jetting—offer exceptional promise. Recent studies have shown
that these 3D printing methods can precisely impose complex
geometries, internal channels, and spatially resolved function-
alities within soft actuators.”>**> Integrating such cutting-edge
fabrication technologies should yield powerful strategies for
designing the next generation of functionally integrated self-
regulating hydrogel actuators.

In addition to self-regulating actuation, incorporating
functionalities such as self-healing and recyclability can

AB

significantly broaden the functional scope of hydrogel
systems.”*® These features may facilitate the development of
life-like materials capable of adaptive behavior. Additionally,
exploring collective regulatory behaviors among multiple
interacting hydrogels could uncover fundamentally novel
phenomena and functional capabilities unattainable with
isolated actuators.”>’ 2> Moreover, methods of integrating
all necessary fuels directly within hydrogels should be
investigated. For instance, polymerizing substrates for enzyme
reactions or BZ reactions directly into the hydrogel network
could represent a promising strategy for achieving fully
integrated, autonomous hydrogel actuators.'*’

6.3. Beyond Biomimetic Soft Materials: Toward New
Applications of Self-Regulating Hydrogel Actuators

Currently, self-regulating hydrogels have primarily been
developed to emulate biological functions, such as muscle
contraction or amoeboid movement. These biomimetic
approaches provide valuable insights into fundamental non-
equilibrium, evolutionary, and adaptive biological processes.
However, to advance beyond imitation, future research should
also explore innovative, human-defined applications. To
quantitatively gauge the state of these artificial systems,
comparisons can be drawn to biological oscillations. Biological
systems exhibit diverse oscillatory behaviors ranging from rapid
muscle tremors (~8—10 Hz),”®> moderate-frequency motions
like bird wing flapping (~3—10 Hz in typical birds, up to 80
Hz in humn1ingbirds),264’265 to relatively slower movements
exemplified by amoeboid cell motility (~0.017 Hz).**® In
contrast, currently developed self-regulating hydrogel actuators
exhibit substantially lower oscillation frequencies compared to
biological counterparts. Typical oscillation periods observed in
sustained regulation systems range approximately from 10 to
500 s (corresponding frequencies of ~0.002—0.1 Hz). One-
cycle regulation typically demonstrates even slower dynamics,
often exceeding periods of 1 h (~0.0003 Hz). Notably, studies
achieving relatively faster responses have predominantly
focused on sustained regulation approaches. This discrepancy
underscores a significant performance gap between artificial
hydrogel actuators and natural biological systems. Conse-
quently, a critical future objective in self-regulating hydrogel
actuator research is achieving independent and precise control
over oscillation amplitude and frequency, free from inherent
material-specific constraints. Such a control will enable tailored
hydrogels to precisely match dynamic requirements for various
practical applications, greatly expanding their impact beyond
biomimetic systems. Toward this goal, incorporating bio-
inspired polymer structural features could significantly advance
the capabilities of self-regulating hydrogels. For instance,
anisotropic hierarchical networks inspired by the sarcomere
structures of muscle tissues”®’ can promote anisotropic
actuation of self-regulation.*> Moreover, mimicking the precise
network uniformity observed in biological materials such as
collagen fibrils”®® and keratin filaments**” can enable hydrogels
with precision self-regulatory functionalities.””*”® Introducing
phase-separated porous structures inspired by the spongy
mesophyll of plant leaves®”" and structurally colored butterfly
wings or bird feathers,”’” facilitate rapid deformation kinetics,
substantially enhancing the power output of actuators.***”
Lastly, integrating heterogeneous polymer domains modeled
after the helical structures found in seedpods,274 tendrils,*”*
bacterial spirochetes,”’® and contractile Vorticella stalks,”””
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could enable large-scale shape transformations, thereby
amplifying the achievable amplitude of self-regulation.””*~**’

Self-regulating hydrogels hold significant promise in environ-
ments unsuitable for conventional electronics. Because these
gels can be preprogrammed to execute a single, self-
terminating actuation cycle, they excel whenever follow-up
intervention is impossible or undesirable. For example, self-
regulating hydrogels with sustained regulation could open new
avenues in autonomous robotics, energy harvesting, bistable
actuators, signal generators, mechanologics, intelligent separa-
tion, and transport technologies. Artificial phototaxis offers
further potential in maneuverable marine systems, miniaturized
transportation, and solar sails. Meanwhile, one-cycle self-
regulating hydrogels are already being explored as transient
therapeutic depots that release payloads and then liquefy,”*® in
situ gellin§ adhesives that seal wounds and subsequently
degrade,”” untethered soft actuators that autonomously grip
and release cargo,””’ and programmable photonic gels that
display and then erase information over time.””* Developing
soft chemical computers based on oscillatory reaction-driven
logic gates could enable signal processing and actuation
entirely through chemical mechanisms, eliminating the need
for electronics.

Looking ahead, self-regulating hydrogel systems could evolve
into adaptive metamaterials autonomously responding to
environmental changes, creating novel intelligent, life-like
materials. However, realizing these ambitious applications
requires addressing key challenges including precise regulation
under realistic operational conditions, robust material stability,
and scalable fabrication methods. Overcoming these hurdles
will unlock transformative capabilities across diverse fields
from medicine and robotics to environmental sensing and
adaptive infrastructure.
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