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Abstract 

In biology, nonequilibrium assembly is characterized by fuel-driven switching between 

associating and nonassociating states of biomolecules. This dynamic assembly model has been 

used routinely to describe the nonequilibrium processes in synthetic systems. Here, we present a 

G-quartet-based nonequilibrium system mediated by fuel-driven co-assembly of guanosine 

5’-monophosphate disodium salt hydrate and urease. Addition of lanthanum(III) ions to the 

system caused macroscopic dynamic switching between precipitates and hydrogels. Interestingly, 

combined analyses of the nonequilibrium systems demonstrated that molecules could switch 

between two distinct associating states without undergoing a nonassociating state, suggesting a 

nonequilibrium assembly mechanism of topological reconfiguration of molecular assemblies. We 

detailed quantitatively the nonequilibrium assembly mechanism to precisely control the phase 

behaviors of the active materials and, therefore, were able to apply the materials for 

transient-gel-templated polymerization and transient circuit connection. This work presents a 

new nonequilibrium system with unusual phase behavior, and the resultant active hydrogels hold 

substantial promise in applications including fluid confinements and transient electronics. 
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Introduction 

Nonequilibrium assembly occurs widely in biological systems. With continuous energy input, 

activated building blocks assemble specifically into transient structures that subsequently 

disassemble into individual molecules when fuel or energy is depleted.
1-5

 Living organisms use 

the switching of biomolecules between associating and nonassociating states to construct 

sophisticated active structures that respond to multiple stimuli and exert complex functions.
6
 

Mimicking the rules of nonequilibrium assembly in nature, chemists have constructed 

nonequilibrium systems that are fuel-driven, transient, and far from thermodynamic 

equilibrium.
6-17

 This research field has developed from dissipative structure design towards 

advanced function exploration, and the field has achieved rich results such as the applications of 

nonequilibrium chemistry for controlled drug release and information encryption.
10, 11, 14

 

Recently, our group reported the use of nonequilibrium chemistry to regulate the transient 

healing ability of thermodynamically stable and kinetically inert polymer hydrogels.
18-22

 This 

regulation struck the right balance between kinetic stability and intrinsic healing ability of 

polymer materials. Nevertheless, comprehensive research is still lacking for nonequilibrium 

assembly mechanisms in synthetic systems. 

Unlike site-specific binding with high affinity in biological systems, nonequilibrium 

assembly in artificial systems is controlled mostly by supramolecular interactions between 

nonspecific binding sites.
8, 15

 Therefore, the nonequilibrium assembly models in artificial 

systems, in principle, can be diversified. So far, most studies used routinely the conventional 
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assembly-disassembly mechanism to describe the nonequilibrium assembly processes, and very 

few nonequilibrium assembly models beyond the conventional mechanism have been clearly 

proposed. George and coworkers presented a multistate transient self-assembly mechanism and 

verified the nonequilibrium assembly model in an adenosine-phosphate-fueled supramolecular 

polymer system.
12

 The multistate transient self-assembly may provide a highly modular control 

over system properties. In the other example, Hermans and colleagues demonstrated the 

supramolecular oscillations, travelling fronts and patterns in a perylene-diimide-derivative-based 

system, bringing us closer to the creation of life-like materials.
13

 Here, we described a 

nonequilibrium assembly model of feedback-controlled topological reconfiguration of molecular 

assemblies. This model was validated in a co-assembling system containing guanosine 

5’-monophosphate disodium salt hydrate (GMP) and urease. The macroscopic dynamic 

sol-to-gel-to-sol transitions generated by the microscopic nonequilibrium co-assembly of GMP 

and enzyme molecules could be magnified to yield precipitate-to-gel-to-precipitate transitions by 

adding lanthanum(III) ions (La
3+

). The resultant macroscopic transient hydrogels can serve as 

self-erasable wells and self-dissociative ionotronics because of their good injectability, ionic 

conductivity, and dissipative properties. 

Results 

GMP has unique self-assembly behaviors under acidic conditions because of the formation of 

G-quartet and G-quadruplexes.
23-27

 The phosphate groups of GMP endow the molecule with pH 

responsiveness and ion binding capacity.
26

 The rational integration of GMP with a fuel-driven 
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pH clock is promising for building a distinctive nonequilibrium system. The autocatalytic 

urea-urease reaction is a classic pH clock, and it has been widely used for controlling the 

properties of supramolecular systems.
28, 29

 We also used this pH clock to balance the kinetic 

stability and healing ability of acylhydrazone-based polymer hydrogels in the previous work.
20

 

Here we coupled GMP with urease to construct two pH feedback systems without and with La
3+

, 

namely, GMP/urease and GMP/La/urease systems (Scheme 1). The urease molecules not only 

served as building blocks to participate in the construction of supramolecular structures but also 

acted as biocatalysts to regulate the nonequilibrium assembly processes. These co-assembling 

systems exhibited different self-assembly behaviors at different pH (Fig. S1). We used methyl 

red, a pH indicator with two color-changing pH values of 4.4 and 6.2 (from red to orange to 

yellow), to monitor the pH-induced phase transitions in the GMP/urease and GMP/La/urease 

systems (Fig. S2). We found that the phase transition behaviors of the systems did not change 

after adding a small amount of methyl red. Upon addition of chemical fuels (i.e., acidic urea 

solutions) to the GMP/urease system at initial pH of 8, a fast sol-to-gel transition occurred (Fig. 

1a) because of the rapid decline of pH; this sol-to-gel transition was accompanied by an 

alteration of the self-assembled structures from irregular shaped nanoparticles to 1D nanofibers 

(Fig. 1b) as observed by cryogenic transmission electron microscopy (cryo-TEM). Then, the 

system slowly recovered to a sol state because of the pH increase caused by the biocatalytic 

generation of ammonia, along with the gradual dissociation of the nanofibers and the formation 

of irregular shaped aggregates. The Tyndall effect (Fig. 1b and S3) further confirmed that the 
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supramolecular aggregates in the GMP/urease system existed in both the sol and gel states. The 

introduction of La
3+

 to the GMP/urease system caused further aggregation, and a 

precipitate-to-gel-to-precipitate transition was observed (Fig. 1a). Compared with the 

GMP/urease system, the La
3+

-containing system had more apparent structural evolution at both 

microscopic and macroscopic levels and possessed a longer cycle of nonequilibrium assembly 

(Fig. 1a, b). We ascribed these properties to the combined effect of ion-dipole and electrostatic 

interactions between GMP, La
3+

, and/or urease. Fig. 1c shows that the lifetime of the biocatalytic 

feedback-driven transient supramolecular hydrogels could be tuned simply by varying the urea 

concentration in the chemical fuels. This tuning was possible mainly because urease was still 

active in the systems (Fig. S4), and the enzymatic reaction rate increased with increasing urea 

concentration in a certain range (Fig. 1d). The data fitted to the Michaelis-Menten equation
30

 

yielded a maximum velocity (Vmax) and a Michaelis constant (Km) of 6.2 ± 0.3 mM/min and 34.9 

± 6.2 mM, respectively. These results indicated that the selected urea concentrations were within 

an adjustable range. 
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Scheme 1 Nonequilibrium assembly in the GMP/urease and GMP/La/urease systems. 
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Fig. 1 (a) Photographs showing the sol-to-gel-to-sol and precipitate-to-gel-to-precipitate 

transitions of GMP/urease and GMP/La/urease systems. Methyl red was used as a pH indicator. 

(b) Cryo-TEM images of GMP/urease and GMP/La/urease systems at different times after fuel 

addition; the 0 min is the condition before fuel addition. The photographs at the top right of (b) 

show the Tyndall effect of GMP/urease systems at pH 8 and pH 4. (c) Lifetimes of the transient 

hydrogels driven by the addition of chemical fuels with different urea concentrations. (d) The 

Michaelis-Menten curve describing the influence of urea concentration on enzymatic reaction 

rate. 

 

To study the assembly mechanism, we characterized the nanostructures of the 

supramolecular aggregates at pH 8 and pH 4, which corresponded to the starting/ending point 

(sol or precipitate state) and an important intermediate point (gel state) of the dissipative 

assembly processes, respectively. All the X-ray diffraction (XRD) patterns for the dry samples of 

GMP/urease and GMP/La/urease at pH 8 and pH 4 showed a characteristic peak at 

approximately 27° (Fig. 2a). This peak demonstrated that the GMP molecules in all the systems 
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existed in an associating state. Interestingly, the samples of GMP/urease and GMP/La/urease at 

pH 4 had a peak at q = 3.1 nm
-1 

in the small-angle X-ray scattering (SAXS) patterns (Fig. 2b). 

The correlated d value of 2.0 nm was consistent with the diameter of columnar G-quadruplexes 

formed by stacked G-quartets.
26

 By contrast, the samples of GMP/urease and GMP/La/urease at 

pH 8 did not show any characteristic peaks in the SAXS patterns, which implied that incomplete 

G-quadruplexes or no G-quadruplexes existed in these systems. We used Fourier-transform 

infrared (FTIR) spectroscopy to clarify the influence of system pH on molecular assembly 

behavior. The results in Fig. 2c showed that the peak at 1678 cm
-1

 assigned to the stretching 

vibration of C(6)=O groups of GMP shifted to higher wavenumbers after the addition of urease 

and/or La
3+

; the shift to higher wavenumbers was ascribed to the supramolecular interactions 

between GMP, urease, and/or metal ions. At the same time, the peak at 1490 cm
-1

 that belonged 

to the stretching vibration of N(7)–C(8) in GMP shifted to lower wavenumbers because of the 

formation of hydrogen bonds between the contiguous guanine skeletons. The peaks at 1069 and 

978 cm
-1

 were attributed to the antisymmetric and symmetric stretching vibrations of the 

phosphate groups of GMP, respectively. Significant differences in peak shape at 1069 and 978 

cm
-1

 were found between pH 8 and pH 4 in both GMP/urease and GMP/La/urease systems. 

These differences were likely the result of different degrees of protonation of the GMP 

phosphate groups at different pH (Scheme 1). The combined XRD, SAXS and FTIR spectra 

analyses of GMP/urease and GMP/La/urease systems confirmed that the molecular aggregation 

states at the starting/ending point and at the important intermediate point were completely 
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different. Notably, at the same GMP concentration (50 mM), the GMP/urease system formed 

hydrogels at pH 4, whereas the GMP system without urease was a typical colloidal solution (Fig. 

S5, S6). This fact suggested that urease can participate in the molecular assembly and contribute 

to the formation of 3D network structures. To quantitatively analyze the amount of urease 

involved in molecular assembly, we labeled urease with fluorescein isothiocyanate 

(FITC-urease), and the amounts of free FITC-urease and FITC-urease in molecular assembly 

were determined by ultraviolet-visible spectrophotometry (Fig. 2d). We found that, for the 

GMP/La/urease system, over 80% of the urease participated in molecular assembly at pH 4, 

which was much greater than that at pH 8 (Fig. 2e). This difference was mainly attributed to the 

stronger electrostatic interactions between positively charged urease and negatively charged 

GMP at pH 4 (Fig. S7). Next, we used the fluorescence spectroscopy to investigate the binding 

affinity between GMP and urease.
31, 32

 The intrinsic fluorescence of urease is substantially 

provided by tryptophan (Trp). Hence, the information related to the urease-GMP interactions and 

GMP-induced conformational change around the binding site could be provided by the 

fluorescence intensity change of Trp. The maximum emission wavelength of urease was 339 nm, 

and the fluorescence intensity of urease decreased with increasing GMP concentration at pH 8 

and pH 4 (Fig. 2f, g). The fluorescence quenching could be caused by the binding between GMP 

and urease. The fluorescence quenching mechanism of urease induced by GMP was investigated 

by the Stern-Volmer analysis (Fig. S8). The Stern-Volmer curve was linear when the GMP 

concentration ranged from 0 to 0.1 mM. The dynamic quenching constants (KSV) calculated from 
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the slopes were 1.14 × 10
4
 and 7.79 × 10

3
 M

-1
 for pH 8 and pH 4, respectively. Hence, the 

bimolecular quenching rate constants (Kq) calculated from the average lifetimes of the 

biomolecules without quencher (τ0, typically 10
-8

 s) were 1.14 × 10
12

 and 7.79 × 10
11

 M
-1

 s
-1

 for 

pH 8 and pH 4, respectively. These values were greater than the maximum scatter collision 

quenching constant of various quenchers with the biomacromolecule (2.0 × 10
10

 M
-1

 s
-1

) for 

dynamic quenching. This result indicated that quenching was initiated by static quenching as a 

result of the formation of urease-GMP complexes. The binding constants (Ka) between GMP and 

urease were 3.05 × 10
4
 and 8.05 × 10

4
 M

-1
 for pH 8 and pH 4, respectively, obtained from the 

double logarithm regression curves (Fig. 2h). These results demonstrated that there was a 

stronger binding force between GMP and urease at pH 4 than that at pH 8. The distribution of 

FITC-urease in GMP/La/FITC-urease hydrogels at pH 4 was assessed by confocal laser scanning 

microscopy (CLSM). For precisely locating the hydrogels, we added benzothiazole dye 

thioflavin T (ThT), a fluorescent molecule capable of detecting the formation of G-quadruplexes 

by fixing the chromophoric skeleton
26

 (Fig. 2i). The morphology of the GMP/La/FITC-urease 

hydrogel was clearly observed (Fig. 2j, red) because of the efficient implant of ThT molecules in 

the G-quadruplex structures. The fluorescence of FITC-urease was strong and uniform (Fig. 2j, 

green), and the large orange areas in the merged image illustrated that the FITC-urease 

molecules distributed evenly in the hydrogel (Fig. 2j). 
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Fig. 2 (a, b) XRD (a) and SAXS (b) patterns of GMP/urease and GMP/La/urease systems at pH 

8 and pH 4. (c) FTIR spectra of GMP powder, GMP/urease and GMP/La/urease systems at pH 8 

and pH 4. (d) Schematic of urease distribution measurements in GMP/La/urease systems. (e) 

Distribution of urease in GMP/La/urease systems at pH 8 and pH 4. (f, g) Effects of GMP (0 ~ 

0.1 mM) on the fluorescence spectra of urease at pH 8 (f) and pH 4 (g) (λex = 280 nm). (h) 

Double-lg plot of GMP quenching effect on the fluorescence of urease. (i) Chemical structure 

and fluorescence enhancing mechanism of ThT. (j) CLSM images of ThT-containing 

GMP/La/FITC-urease hydrogels at pH 4. 

 

The fluorescence enhancing property of ThT was also used to monitor the structural 

evolution of the molecular assemblies during the nonequilibrium assembly process. After fuel 
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addition, both GMP/urease and GMP/La/urease systems showed an initial increase in 

fluorescence intensity, followed by a decline in intensity (Fig. 3a, b). These results suggested that 

the molecules in the nonequilibrium systems temporarily accessed an associating state with a 

higher degree of order. And the followed decreased ThT fluorescence intensity indicated the 

dissociation of G-quadruplex structures.
33

 Moreover, stronger fluorescence intensity was 

observed in the GMP/La/urease system, which affirmed the positive effect of La
3+

 in 

constructing G-quadruplex structures. The time-dependent fluorescence properties of the 

ThT-containing nonequilibrium systems suggested that our transient supramolecular assemblies 

had the potential to be used as fluorescence modulators.
34

 Circular dichroism (CD) spectroscopy 

was used to monitor the evolution of G-quadruplex structures in the GMP/urease and 

GMP/La/urease systems. Before the addition of chemical fuels, we did not observe a 

characteristic signal in the CD spectra for these two systems (Fig. 3c, d and S9). After fuel 

addition, the appearance of a positive peak around 240 nm and a negative peak around 276 nm in 

the CD spectra revealed the formation of G-quadruplex structures, in which the G-quartets were 

stacked in an antiparallel fashion.
26, 35

 The CD signals then gradually weakened, which suggested 

the dissociation of the G-quadruplex structures. Notably, although the G-quadruplex structures 

dissociated, the GMP molecules always existed in an associating state, as revealed by the 

cryo-TEM (Fig. 1b) and XRD (Fig. 2a). The time-dependent fluorescence and CD results (Fig. 

3a-d) were in reasonable agreement with the macroscopic and microscopic structure 

characterizations in Fig. 1a, b. Although the hydrogel was becoming weaker due to waste 
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accumulation, repeated sol-to-gel-to-sol and precipitate-to-gel-to-precipitate transitions for the 

GMP/urease and GMP/La/urease systems could still be achieved, respectively, by refueling the 

systems with acidic urea solutions (Fig. 3e, f). 

 

 

Fig. 3 (a, b) Time-dependent fluorescence intensity (at 490 nm) changes of ThT-containing 

GMP/urease (a) and GMP/La/urease (b) systems after fuel addition. Insets show the fluorescence 

spectra at different time after fuel addition. (c, d) Time-dependent CD (at 276 nm) changes of 

GMP/urease (c) and GMP/La/urease (d) systems after fuel addition. Insets show the CD spectra 

at different time after fuel addition. (e) Repeated sol-to-gel-to-sol and 

precipitate-to-gel-to-precipitate transitions of GMP/urease and GMP/La/urease systems, 

respectively. (f) The change in storage modulus (G') of GMP/urease and GMP/La/urease systems 

(initial pH 8) during repeated fuel-driven topology switching cycles. 

 

On the basis of the above results, we propose a mechanism of topological reconfiguration of 

molecular assemblies for the nonequilibrium systems. Before fuel addition, the GMP/urease 

system presents weak alkalinity (pH 8), GMP and partial urease self-assemble into irregular 

shaped nanoparticles. In this condition, stacked GMP or G-quartets with a stacking distance of 
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3.3 Å exist in the system, as evidenced by XRD (Fig. 2a). After addition of acidic urea solutions, 

the pH of the system declines rapidly to 4, and columnar G-quadruplexes with a diameter of 2.0 

nm form by ion-dipole interactions, wherein the distance between two adjacent G-quartets is 3.3 

Å. In this condition, urease serves as a crosslinker to connect the intertwined 1D nanofibers to 

form a 3D network mainly based on electrostatic interactions (Fig. S7), which can be confirmed 

by the difference in phase behavior between the GMP solution and GMP/urease gel at pH 4 (Fig. 

2a and S5a). The stronger binding force between GMP and urease (greater binding constant, Fig. 

2h) also confirm this. With the enzymatic hydrolysis of urea, the pH of the system gradually 

increases, and the crosslinked nanofibers recover to the irregular shaped nanoparticles. The 

addition of La
3+

 causes macroscopic precipitates to form before fuel addition because the 

multivalent La
3+

 can crosslink GMP and urease molecules. After fuel addition, columnar 

G-quadruplexes with a diameter of 2.0 nm form by La
3+

-dipole interactions, and the distance 

between two adjacent G-quartets is 3.4 Å. In this condition, urease still acts as a crosslinker to 

contribute to the formation of hydrogels. Lastly, the hydrogels return to precipitates because of 

fuel depletion. Notably, throughout the entire phase transition processes for both GMP/urease 

and GMP/La/urease systems, the molecules are in associating states, but the molecular 

assemblies undergo a topological morphology transformation. This fact implies that the 

conventional 2D nonequilibrium assembly (two dimensions: degree of aggregation and time) is 

moved to the third dimension (topological morphology of molecular assemblies). This change in 

dimension is the major feature of our nonequilibrium assembly mechanism, which is different 
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from the conventional 2D nonequilibrium assembly in biological and synthetic systems. On the 

basis of this nonequilibrium assembly mechanism, we can accomplish the dynamic topological 

reconfiguration of molecular assemblies for programming supramolecular structures and, 

therefore, yield G-quartet-based transient supramolecular hydrogels with tunable lifetime. 

Solid vessels have a long history of confining and storing liquids, but they are not adaptive 

and are difficult to remove. Liquid walls have attracted more and more attention because they are 

functional, adaptive and easy to remove and re-form. Common strategies to control liquids 

include patterning surfaces, embedding water into a matrix of viscous oil, manipulating water-oil 

emulsions in microfluidic devices, and holding aqueous channels by immiscible magnetic liquid 

barriers.
36-40

 Our G-quartet-based transient supramolecular hydrogels with good adaptivity and 

dissipative properties are promising transient wells for gel-templated polymerization. 

Rheological studies (Fig. 4a-f) indicated that both the GMP/urease and GMP/La/urease 

hydrogels had good self-healing ability, and the storage modulus generally increased with 

increasing GMP concentration on the premise of keeping a constant urease concentration and an 

identical ratio of GMP to La
3+

. The GMP/La/urease hydrogels showed poor injectability (Fig. 4f) 

because of their high stiffness. By contrast, GMP/urease hydrogels with good injectability could 

be used for writing English letters (Fig. 4g). Most importantly, the letters made from the transient 

hydrogels were self-erasable because of the pre-programmed liquefaction (Fig. 4g). The 

tendency to increase and then decrease G' made the transient hydrogels maintain a fixed shape at 

a set time, followed by turning into liquids that were easy to remove (Fig. 4h). The transient 
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hydrogels could also be used for drawing closed loop shapes. To broaden the application range 

of transient hydrogels, we used the closed shapes of transient hydrogels as self-dissociative wells 

for transient-gel-templated polymerization (Fig. 5a). A closed gel wall (i.e., hydrogel well) was 

formed by injecting the GMP/urease active hydrogels (GMP concentration: 250 mM) onto a 

substrate without pretreatments. Afterward, a liquid monomer of poly(propylene glycol) 

diacrylate (PPGDA) and a photo-initiator of Irgacure 2959 were added into the hydrogel well, 

followed by irradiation with UV light (wavelength: 365 nm) for 2 min to initiate polymerization 

(Fig. 5b). After polymerization, the transient hydrogels underwent pre-programmed liquefaction, 

and the liquid could be removed simply by a water rinse or suction, yielding a free-standing 

polymer membrane with a desired shape. Notably, the transient hydrogels with various shapes 

could be directly formed on diverse substrates, such as glass, poly(tetrafluoroethylene) (PTFE), 

and stainless steel. The property of forming different shapes on different substrates without 

pretreatment is a great advantage of the transient hydrogel wells. The scanning electron 

microscopy (SEM) image in Fig. 5c shows that the lateral view of the free-standing polymer 

membrane made by the transient-gel-templated polymerization was even and flat. Energy 

dispersive spectroscopy (EDS) indicated that there were no characteristic elements of GMP and 

urease in the free-standing polymer, which implied that GMP and urease in the transient 

hydrogels could not diffuse into the hydrophobic liquid monomers. However, the characteristic 

elements of GMP were found in the resulting polymer when a hydrophilic liquid monomer of 

poly(ethylene glycol) diacrylate (PEGDA) was used for the transient-hydrogel-templated 
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polymerization (Fig. S10). Therefore, this method is more suitable for the polymerization of 

hydrophobic liquid monomers. The transient-gel-templated polymerization strategy is not limited 

by substrates and could expand the use of nonequilibrium hydrogel systems. 

 

 

Fig. 4 (a) Strain sweep of GMP/urease hydrogels. (b, c) Thixotropic loop tests (b) and injection 

tests onto a glass substrate (c) of GMP/urease hydrogels (CGMP = 250 mM). (d) Strain sweep 

tests of GMP/La/urease hydrogels. (e, f) Thixotropic loop tests (e) and injection tests onto a glass 

substrate (f) of GMP/La/urease hydrogels (CGMP = 250 mM). (g) Gel-to-sol transitions of 

GMP/urease system (CGMP = 250 mM) mediated by enzymatic reaction. (h) Evolutions of pH 

and G' during time sweeps for GMP/urease systems (CGMP = 250 mM) mediated by enzymatic 

reaction. 
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Fig. 5 (a) Schematic and photographs showing the transient-gel-templated polymerization of 

PPGDA on different substrates. (b) Schematic of the polymerization of PPGDA using Irgacure 

2959 as a photo-initiator. (c) SEM and EDS mapping images of the lateral view of a 

free-standing polymer membrane prepared by transient-gel-templated polymerization of PPGDA, 

and a table summarizing the percent of each element. 

 

Conductive hydrogels combine electrical conductivity and flexibility to mimic the 

mechanical and sensory functions of human skin, and have attracted great attention in the fields 

of wearables, implantable biosensors and artificial skin over the past few decades.
41-45

 With the 

rapid development of technology, transient electronics and ionotronics are becoming 

increasingly prevalent due to their advantages, such as adjustable life time and degradable 

property.
46, 47

 The G-quartet-based transient supramolecular hydrogels in this work have a good 

ionic conductivity of 0.01 S/cm (Fig. 6a) because of the large amount of salts in the system. The 

integration of excellent dissipative properties and ionic conductivity enables the nonequilibrium 
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supramolecular hydrogels to serve as transient ionotronics. A transient supramolecular hydrogel 

was formed by adding chemical fuels into a GMP/urease solution in an eppendorf tube, and it 

was connected with a LED indicator in a series circuit having a 4 V AC power (Fig. 6b, c). The 

LED indicator could be lit due to the effective contact between the hydrogel and wires. Afterward, 

the transient supramolecular hydrogel underwent pre-programmed liquefaction and the liquid 

flowed down to the bottom of the tube, the LED indicator became dim due to the loss of effective 

contact with the wires (Video 1). The lifetime of the transient ionotronics can be precisely 

controlled by varying the concentration of urea in the chemical fuel (Fig. 6d). This is a distinct 

feature that enables stable operation of the transient ionotronics over a predefined time frame. 

 

 

Fig. 6 (a) Electrochemical impedance spectrum of a GMP/urease transient hydrogel (CGMP = 250 

mM). (b) Schematic showing the working mechanism of transient ionotronics. (c) Sequential 

photographs recording the working process of the transient ionotronics at room temperature. (d) 

Lifetimes of transient ionotronics driven by addition of chemical fuels with different urea 

concentrations. 
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Discussion and conclusions 

The G-quartets stabilized by the formation of hydrogen bonds at the Hoogeteen face make 

guanosine and its derivatives highly interesting for the fundamental research of supramolecular 

assembly.
23-25, 27, 48, 49

 The G-quartet-based supramolecular networks at equilibrium have long 

been regarded as critical platforms for assembly mechanism study and structure analysis.
23, 24

 In 

contrast, the research on G-quartet-based nonequilibrium systems is rarely reported. Until 

recently, Li and coworkers developed the first transient supramolecular chiral G-quadruplex 

hydrogel with a tunable lifespan ranging from minutes to hours.
50

 They found that the dynamic 

formation and dissociation of the borate eater bond between guanosine and 5-fluorobenoxane 

driven by chemical fuels (KOH and 1,3-propanesultone) led to a 

precipitate-solution-gel-precipitate transition. Our similar finding, the dynamic 

precipitate-to-gel-to-precipitate transition mediated by fuel-driven and enzyme-regulated 

co-assembly of GMP, La
3+

, and urease, confirmed that observation. Notably, throughout the 

entire phase transition processes for GMP/urease and GMP/La/urease systems, the molecules are 

in associating states, but the molecular assemblies undergo a topological morphology 

transformation. We stressed a mechanism of topological reconfiguration of molecular assemblies 

at both microscopic and macroscopic levels. This mechanism of topological reconfiguration will 

increase understanding of extant nonequilibrium systems. Li and coworkers proposed that the 

transient G-quadruplex hydrogels with a tunable lifetime could provide attractive potentials for 

next-generation smart applications due to the rapid self-healability and injectability.
50

 The 
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application in fluid confinements and transient electronics of the resultant transient hydrogels in 

our study confirmed the potential. Our experimental results, along with the existing literature, led 

us to provide a new approach for the design of next generation intelligent materials with 

self-adaptability and interactivity. 

In conclusion, we suggested a mechanism of topological reconfiguration of molecular 

assemblies for understanding a representative type of nonequilibrium assembly behavior in 

artificial systems. We studied two pH feedback systems, GMP/urease and GMP/La/urease, that 

showed sol-to-gel-to-sol and precipitate-to-gel-to-precipitate dynamic transitions, respectively. 

The temporally controlled nanostructure evolutions and phase transitions affirmed the 

mechanism. The transient hydrogels exhibited good spatiotemporal controllability over their 

physicochemical properties, and they were qualified to serve as self-erasable wells and 

self-dissociative ionotronics for transient-gel-templated polymerization and transient circuit 

connection, respectively. This study demonstrated the wide gaps between diverse nonequilibrium 

assembly models in biological and synthetic systems. However, we do not value one class over 

another, instead, we suggest that each model has its own scope of application and rationale. We 

anticipate that this mechanism of topological reconfiguration will increase understanding of 

extant nonequilibrium systems and guide the design and development of novel soft materials 

with advanced functions. 

 

Electronic supplementary information (ESI) available: All experimental procedures and 
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supporting data (TEM images, XRD patterns, SAXS patterns, FTIR spectra, CD spectra, Zeta 

potential, transient-gel-templated polymerization of PEGDA, and transient conducting) are 

available in the ESI (PDF) and Video 1 (MP4). 
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The G-quartet-based active supramolecular hydrogels were investigated, which enabled new 

insight into the nonequilibrium assembly mechanism. The active hydrogels hold great promise in 

applications such as fluid confinements and transient electronics. 


