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ABSTRACT Nature uses catalysis as an indispensable tool to 
control assembly and reaction cycles in vital non-equilibrium 
supramolecular processes. For instance, enzymatic methionine 
oxidation regulates actin (dis)assembly, and catalytic guanosine 
triphosphate hydrolysis is found in tubulin (dis)assembly. Here we 
present a completely artificial reaction cycle which is driven by a 
chemical fuel that is catalytically obtained from a ‘pre-fuel’. The 
reaction cycle controls the disassembly and re-assembly of a 
hydrogel, where the rate of pre-fuel turnover dictates the 
morphology as well as the mechanical properties. By adding 
additional fresh aliquots of fuel and removing waste, the 
hydrogels can be re-programmed time after time. Overall, we 
show how catalysis can control fuel generation to control reaction 
/ assembly kinetics and materials properties in life-like non-
equilibrium systems.  

Nature employs supramolecular structures away from the thermo-
dynamic equilibrium for several vital functions such as immune 
response, transcription, motility, and cell division.1,2 Examples 
include actin filaments,3 microtubules,4 and muscle fibers5, which 
can modulate their structures and dynamics in response to subtle 
changes in signals or chemical fuels.6,7 In these natural systems, 
catalysis is used to tune rates of assembly and disassembly.8 For 
instance, after actin activation a redox enzyme (Mical) responds 
to extracellular cues to directly catalyze the oxidation of methio-
nine residues on actin filaments to trigger dissassembly.9 Similar-
ly, processes like cell division and motility rely on catalytic gua-
nosine triphosphate hydrolysis to control microtubule 
(dis)assembly.10 Likewise, inflammasomes form micron sized 
specs responsible for frontline immune response where the 
(dis)assembly is catalyzed by ligand–acceptor interactions.11  
Similar to nature, fuel driven reaction cycles have been used to 
create non-equilibrium self-assemblies.12–25 Few studies have 
shown the use of biological26 and synthetic27 catalysts to control 
supramolecular order and properties in assemblies but at equilib-
rium.  For non-equilibrium systems, catalysts can be used to 
program the (pre-)fuel release and activity beforehand for precise 
kinetic control. Although enzymes have been used for this pur-
pose,21–23,25,28–31 examples of synthetic non-equilibrium systems 
with catalytic control are scarce.19,32 This is because implementing 
catalysts for fuel generation in reaction cycles for (de)activation 
of building blocks is very challenging.  It demands careful study 

of the kinetics of the coupled reactions, and the resulting 
(dis)assembly processes while keeping the catalyst(s) active for 
the required time periods.  
Here we present a reaction cycle driven by catalytic production of 
fuels to achieve transient disassembly of a hydrogelator (i.e., gel–
sol–gel). We can control the production of one of the fuels by 
catalytically converting a pre-fuel. The materials properties after 
each transient gel–sol–gel cycle depend on the catalytic rates of 
fuel production and in some cases leads to different gel morphol-
ogy and molecular packing. By utilizing the sponge-like ‘synere-
sis’ behavior of the hydrogels we can mechanically squeeze out 
the waste and re-fuel the system to achieve up to thirteen such 
transient cycles (gel–sol–gel) with minimal loss in materials 
properties.  
The catalytic reaction cycle involves a previously reported alde-
hyde saccharide hydrogelator33 (SachCHO in Figure 1a). Upon 
addition of dithionite (DT), the aldehyde moiety of SachCHO is 
quantitatively converted to an α-hydroxy sulfonate (SachSO3

–). In 
our case, we operate at 25 ºC (vs. temperatures ≥ 80 ºC for the 
reported cases34) and therefore SachSO3

– does not reduce to the 
corresponding alcohol, but is stable. Macroscopically, SachCHO 
gels rapidly disassemble upon addition of DT due to electrostatic 
repulsion to give a clear solution in 15–20 minutes (Figure 1a). 
To achieve re-gelation we produce formaldehyde in situ, which 
consumes SachSO3

– and recovers the original SachCHO mole-
cule. The onset of re-gelation can be tuned by acid catalysis—
mediated by glucono-delta-lactone (GdL) hydrolysis—to convert 
pre-fuel hexamethylenetetramine (HMTA) into formaldehyde 
(fuel) and ammonia (Figure 1a). Hence, adding the fuel system 
(i.e., DT, GdL, and HMTA) to the SachCHO hydrogel at time 
zero gives an autonomously running chemically fueled transient 
cycle performing a gel–sol–gel transition (Figure 1a, SI video 1). 
We found that the thermally annealed SachCHO assembly is 
highly cooperative, evidenced by the 20 K hysteresis (Figure 1b). 
When assembly is induced chemically (i.e, SachSO3

– to SachCHO 
conversion upon addition of formaldehyde) instead of thermally, 
again the assembly is very cooperative (see S-shaped curves in 
Figure 1c and 1d). The latter experiments fit well to a kinetic 
model including secondary nucleation35,36 (Figure 1c, Figure S1, 
see SI for more details), which indicates that nucleation is fol-
lowed by much faster elongation (~108 times higher rate) and 
subsequent secondary nucleation (i.e., growth of fibers from 
existing assemblies). 

 



 

Figure 1. (a) Scheme of the chemically fueled reaction cycle for transient disassembly by dithionite DT of SachCHO hydrogelator fol-
lowed by in situ catalytic formation of formaldehyde by glucono-δ-lactone GdL and hexamethylenetetramine HMTA, leading to re-
gelation. (b) Heat-cool cycles at different rates for thermally annealed gel using UV-Vis turbidity measurements, where the optical density 
(O.D.) at 500 nm is measured. 70 degree, 50 degree and 20 degree hysteresis for heat/cool rate 10 K/min (♦), 1 K/min (▲), and 5 min hold 
at each temperature (●), respectively. Arrows represent increasing heating/cooling rate. (c) Global fitting of (un)seeded gelation (SachSO3

– 
to SachCHO) using excess HCHO followed using O.D. at 500 nm (see main text). Legend shows initial [SachSO3

–]. The faded blue region 
delineates the upper / lower boundaries of triplicate experiments. (d) O.D. at 500 nm for SachSO3

– solution to SachCHO gel, catalyzed at 
different [GdL]. Lines to guide the eye. (e) Evolution of SachSO3

– in the transient cycles as seen by NMR. Lines to guide eye.  Initial 
thermal gel with [SachCHO] = 54 mM, and  [HMTA] = 190  mM, [DT] = 191 mM in chemically fueled transient cycles. 

A more direct method to show that secondary nucleation plays a 
role in the assembly process comes from confocal microscopy, 
where monomers were observed to grow from existing SachCHO 
fibers (Figure S2).  
In the chemically fueled transient cycles as described before, UV-
Vis turbidity experiments (following optical density O.D. at 500 
nm) show the influence of [GdL] on SachSO3

– to SachCHO con-
version rates (Figure 1d and Figure S3). Early onset of nuclea-
tion and faster elongation rates corresponding to low solution 
lifetimes are seen with increasing [GdL]. Following the kinetics 
with NMR, we can confirm the increased rate of SachSO3

– to 
SachCHO conversion for higher [GdL] (Figure 1e). The back 
conversion of SachSO3

– to SachCHO happens in ~75 minutes for 
[GdL] = 93.6 mM, and progressively decreases up to 312 mM. 
Increasing [GdL] to 374 mM shows no further rate enhancement 
(Figure S4). This plateauing effect is also seen in turbidity meas-
urements where [GdL] = 374 mM shows no increased kinetics as 
compared to 312 mM (Figure 1d and Figure S3). This is because 

for [GdL] = 312 mM and 374 mM the initial pH drop is the same 
(from 8.0 to ~5.1), which limits the acid catalyzed HMTA to 
HCHO conversion (Figure S5). 
Next, we studied the impact of the catalysis rates on the supramo-
lecular polymerization of SachCHO and resultant materials prop-
erties. As a starting point of the cycles, we used thermally an-
nealed gels consisting of long crystalline fibers of hundreds of 
micrometers in length (Figure 2a, b). Upon addition of fuels to 
such a gel we can observe rapid dissolution of these fibers (not 
shown). In transient cycles with [GdL] = 234 mM we observe the 
formation of sparsely distributed star-like structures consisting of 
broad fibers with undulating edges (Figure 2c, d). Use of high 
[GdL] = 374 mM results in faster formation of heavily branched, 
thinner and longer fibres originating from a central nucleation site 
(Figure 2e, f. SI video 2).  
The catalysis driven self-assembly pathways clearly play a role in 
the final morphologies and molecular packing of the self-
assembled structures (as observed by others37,38).

 



 

 

Figure 2. Effect of the self-assembly pathway on final morphologies as oserved by Scanning Electron Microscopy (a, c, e) and Confocal 
Microscopy (b, d, f: scale bar = 100 µm) micrographs. (a and b): crystalline long fibers (500–800 µm) of ~1 µm width formed in thermally 
annealed gel, (c and d): flower like assemblies composed of short (60–100 µm) and broad fibers (2–5 µm) formed during slow catalyzed 
([GdL] = 234 mM) formation of SachCHO during a transient cycle, (e and f):  fractal-like assemblies composed of long branched fibers 1–
2  µm wide and ≥ 200 µm long, formed during fast catalyzed ([GdL] = 374 mM) formation of SachCHO during a transient cycle. 
[SachCHO] = 54 mM in all the cases, and  [HMTA] = 190  mM, [DT] = 191 mM] in chemically fueled transient cycles.

Powder XRD (X-ray diffraction) patterns of the freeze-dried 
hydrogels showed no significant difference between thermally 
annealed and chemically fueled gels of 93.6 mM and 234 mM 
GdL concentrations. The main peaks at 1.15 nm and 0.648 nm are 
likely inter-columnar distances and 0.38 nm for intermolecular 
stacking distance within the columns.27 However, the chemically 
fueled gel using [GdL] = 374 mM shows two new reflections at 
0.325 nm and 0.305 nm indicative of closer intermolecular pack-
ing distances within a column (Figure S6).  
On a macroscopic scale, rheology experiments show that varying 
[GdL] for a transient cycle not only affects the gelation time, but 
also re-programs the original thermally annealed hydrogel (G´ = 
800 Pa) to varying stiffness (Figure 3a, Figure S7). The storage 
moduli of chemically fueled gels can vary from ~110 Pa for 
[GdL] = 46.8 mM to ~2100 Pa for [GdL] = 374 mM, clearly 
dependent on the GdL–driven catalytic turnover. Taken together 
with the microscopy and XRD data, we find that higher catalytic 
rates give longer and more branched fiber networks with closer 
intermolecular packings, resulting in stronger hydrogels. Beyond 
a given GdL concentration (374 mM) no further increase in the 
stiffness of the re-programmed gel (G´= ~2100 Pa) is observed. 
This can be due to the accumulated waste hindering the self-
assembly or a result of plateauing effect after a certain [GdL] as 
seen in UV and NMR before (cf. Figure 1d and e).  
Up to here, we have shown reversible gel–sol–gel transitions. 
Thus, this should also permit to perform multiple fueled reaction 

cycles and re-program the hydrogels time after time. For this 
purpose, we refuel an already chemically formed hydrogel (G´= 
1100 Pa) using different [GdL]. The second fueled cycle again 
resets the hydrogel to varying stiffness depending on the [GdL] 
used (‘2nd cycle’ in Figure 3a). This shows that control over the 
gel properties can be obtained also in subsequent cycles. A noto-
rious challenge in synthetic systems, however, is waste accumula-
tion after many cycles. In this regard, the SachCHO hydrogel has 
an interesting property of expelling solvent under mechanical 
pressure called ´syneresis´.39 Since all fuels / waste are water 
soluble, syneresis can be used to remove them after each transient 
cycle. For this purpose, a syringe and a needle filled with a cotton 
swab was used (Figure 3b). First, a chemically fueled gel was 
formed inside the syringe, after which pressure was (manually) 
applied onto the plunger to remove most of the solvent (including 
waste products). Next, a solution containing fresh fuels was aspi-
rated into the syringe leading to re-solubilization and shortly after, 
re-gelation. Repeating the latter two steps, up to 13 cycles could 
be achieved with only minimal changes in gelation kinetics (Fig-
ure 3c and Figure S8, S9).  
We have presented a completely synthetic system where the 
reaction cycle driving the (dis)assembly pathways has an in-built 
catalytic process for fuel generation from a pre-fuel. The rate of 
fuel generation controls the rate of (re-)assembly and dictates the 
lifetime of the disassembled solution state. Overall, our approach 
yields hydrogels where the morphology and materials properties 
can be controlled, and can be re-programmed time after time. 
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Ideally, future systems would achieve catalytic control over both 
the fuel used in the assembly as well as in the disassembly path-
way. This will impart much needed control over all the steps 
involved in dissipative self-assembly and help create purely syn-
thetic life-like systems with control similar to that found in living 
materials.  
 

 

Figure 3. Rheology and syneresis experiments. (a) Rheology 
showing a trend of decreasing gelation time (▼) and increasing 
stiffness (G´-▲) with increasing [GdL] for solution to gel transi-
tion in the transient cycles. [HMTA] =190 mM, [DT] =191 mM, 
[SachCHO] = 54 mM. Resetting of hydrogels after the first cycle 
([HMTA]= 95 mM, [DT] = 96 mM, [GdL] =  93.6 mM, 
[SachCHO] = 54 mM) by second round of fuels addition 
([HMTA] = 190 mM, [DT] = 96 mM) with similar [GdL]-
depended stiffness trend (●) (dashed lines are to guide the eye.). 
Error bars show standard deviations over three independent ex-
periments, whereas circles depict single measurements. (b) In 
clockwise direction, chemically fueled gel made in a syringe 
(bottom left), fiber network remains in the syringe after solvent 
expulsion by pushing the plunger (top), dissolution of fibers after 
refueling (bottom right), and re-formation of gel after a defined 

time. ([DT] = 121 mM, [HMTA] = 190 mM, [GdL] = 312 mM). 
Note: SachCHO molecules in solution also are extruded along 
with the waste products during syneresis, so 5.3 mM SachCHO 
was added along with the fuels after each extrusion to correct the 
amount of building blocks.  (c) O.D. at 500 nm showing similar 
nucleation–elongation kinetics for 13 cycles performed by refuel-
ing after waste removal. 
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