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Sucrose-fueled, Energy Dissipative, Transient Formation of 

Molecular Hydrogels Mediated by Yeast Activity  

César A. Angulo-Pachón, Juan F. Miravet* 

A biologically mediated, energy dissipative, reversible formation 

of fibrillar networks is reported. The process of gelation is linked 

to sucrose-fueled production of CO2 by baker-yeast 

(Saccharomyces cerevisiae). Continuous fueling of the system is 

required to maintain the self-assembled fibrillar network.  

A dissipative system is a thermodynamically open system 

which converts usable energy in non-recoverable forms of 

work. Such system is operating out of equilibrium and 

exchanges energy and/or matter with the environment.
1
 A 

dissipative structure is an organized non-equilibrium state of 

matter created and maintained due to dissipative processes.
2
 

Dissipative structures grow more complex by exporting, or 

dissipating, entropy into their surroundings.
3
 The relevance of 

dissipative chemical systems in life processes was highlighted 

by the pioneer work of Prigogine.
4
 Remarkable cases of 

dissipative chemical systems at biological level include the 

formation of fibrillar networks which are essential to organize 

and rearrange the interior of the cell. For example actin fibers 

are fundamental in the structuration of the cell. Their dynamic, 

out of equilibrium, transient nature is linked to the so called 

“actin cycle”, which couples ATP hydrolysis (fuel) to actin 

polymerization.
5 

 Microtubules are also involved in 

maintaining structure of the cell, forming the cytoskeleton. 

They are formed by reversible, out of equilibrium self-

assembly of tubulins fueled by the hydrolysis of GTP.
6
 Trying to 

emulate these biological systems is challenging and a few 

studies on this regard have emerged in recent years. 

Particularly, molecular hydrogels are of interest because they 

are formed by self-assembled fibrillar networks. The attention 

paid to this type of materials has grown significantly in recent 

years as a result of their applicability as new soft materials in 

areas such as molecular electronics, controlled release, or 

catalysis among others.
7-10

 Of especial relevance is the 

application of molecular hydrogels in biomedicine, in particular 

in relation with tissue engineering.
11, 12

 Van Esch et al. 

reported transient molecular hydrogels, namely, self-

assembled fibrillar networks whose disassembly is linked to 

energy dissipation by means of ester hydrolysis.
13, 14

 A related 

system forms transient hydrogels from peptide amphiphiles 

regulated by enzymatic ester formation and hydrolysis.
15

 Ulijn 

et al. have described transient hydrogels formed by 

tripeptides. In this case gel formation is fueled by the addition 

of aspartame which forms transient tripeptides with 

quimiotripsine as catalyst. In this system the same enzyme 

hydrolyzes the tripeptide dissipating the energy and 

disassembling the gel.
16

 Dissipative self-assembly of a 

membrane transport system has been studied recently fueled 

by addition of a thioester, being energy dissipated by 

intramolecular reaction of the channel forming species 

affording as waste caprolactam.
17

 In another example, 

transient hydrogel formation using peptides was finely time-

programmed using enzymatic hydrolysis of urea which 

resulted in an increase of the pH of the medium and gel 

disassembly.
18

 

Taking advantage of the reversible character of molecular gels 

and their stimuli responsiveness,
13

 here we report on new 

molecular hydrogels whose formation/disassembly is 

regulated by the presence of sucrose as fuel and CO2 release 

as a dissipative process (Scheme 1).  
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Scheme 1. Schematic representation of the transient formation of fibrillar 
networks fueled by sucrose. Energy dissipation is linked to CO2 release. 

 

 

 

The system uses baker yeast (Saccharomyces cerevisiae) as key 

intermediate for the conversion of sucrose into CO2, 

constituting a first example of reversible fibrillization in 

aqueous media linked to biological activity (Scheme 2). 

The hydrogelators described in Chart 1 were easily prepared in 

grams scale from amino acids by N-acylation with succinic 

anhydride and amide formation with dodecylamine or 

hexylamine. The presence of the carboxylic acid moiety was 

introduced to achieve pH sensitivity. Interestingly, initial assays 

of biocompatibility with the brine shrimp test
19

 showed that 

these compounds have null toxicity at the concentrations used 

in our experiments. These compounds are related to previous 

hydrogelators obtained by N-acylation with fatty acids of α-

amino acids
20

 but significant structural differences are present 

including an additional amide unit. Compounds 1-3 showed 

remarkable hydrogelation capabilities forming gels in distilled 

water by gentle heating up to complete solubilization and 

posterior resting at room temperature. 

Minimum gelator concentration values required for gelation 

were 0.2, 0.5 and 1.5 % w/w respectively for the 

phenylalanine, valine and isoleucine derivatives. Compound 4 

was not a gelator as a result of the short hydrocarbon chain 

which most likely does not provide with enough hydrophobic 

interactions to form gels in water. Ionic forms of compounds 1-

3 (carboxylates) are water soluble being the neutral species 

responsible for gelation. In order to study the feasibility of 

hydrogel formation triggered by pH changes, pKa of the 

gelators was assessed. Potentiometric titration of the 

hydrogelators showed a very remarkable pKa shift of the 

carboxylic acid unit from the expected value of ca. 5 to ca. 7 

(see Chart 1 for pKa values). This decrease in the acidity of the 

carboxylic acid unit must be ascribed to the formation of the 

fibrillar network of the hydrogel.
21

 As seen in Figure 2, the pH-

range of stability of neutral, gel-forming species, is 

considerably shifted upon going from compound 4 to 1. 

Therefore compounds 1-3 can form gels around neutral pH 

values. 

 

 

 

Scheme 2. Schematic representation of the network of processes responsible for 
transient gel formation. 
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Chart 1. Structure of the studied compounds 

Indeed hydrogels were nicely prepared by keeping for a few 

hours under a CO2 atmosphere the hydrogelator dissolved in 

aqueous potassium carbonate (see pictures of the gels in 

Figure 2). Under these conditions the pH shifted from ca. 12 to 

ca. 8. 

Electron microscopy revealed that the hydrogels prepared in 

this way are constituted by elongated fiber-like objects as 

commonly observed in molecular gels (Figure 2). Additionally, 

X-Ray powder diffraction of xerogels indicate some crystalline 

order in the fibers, resulting in wide diffraction peaks for 

angles corresponding to  distances of ca. 40 amstrongs which 

correspond to fully extended molecules (see ESI). 

From this ground, hydrogelation was linked to CO2 production 

associated to the activity of baker yeast. This type of yeast is 

Energy absorption (fuel)

Energy dissipation

Transient

self-assembled

network

Diassembled

system

Sucrose (energy input)

CO2 (entropy production)
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extensively used in food and wine production. Additionally its 

use in organic transformations has been widely explored.
22

 In 

our experiment sucrose was use to fuel a system composed of 

an aqueous dispersion of baker yeast in a solution. 

 

 

Figure 1. Species distribution diagram for compounds 1 and 4. c = 10 mM. 

 

 

Figure 2. Electron microscopy (TEM) image obtained from a gel of compound 2 
(10 mg/mL) prepared by exposition of a basic aqueous solutions to a CO2 
atmosphere. Inset: Pictures of a vial containing the hydrogel. 

 

Figure 3. Vials containing the hydrogelators (1-3, 10 mg/mL) dissolved in 
aqueous K2CO3 (5.3 mg / mL), baker yeast (8 mg) and sucrose (43 mg) at initial 
stage (fluid suspension) and after 2 hours (gel formation). 

The pH of the initial suspension was shifted to 10 by addition 

of potassium carbonate and the system was sealed with a 

screw cap. The activity of the yeast transforms sucrose into 

CO2 and ethanol, neutralizing the medium and therefore 

driving the system towards gel formation. In a typical 

experiment, after ca. 2 hours a gel with entrapped yeast was 

formed with a final pH of ca. 8 (Figure 3). 

If the system is left open to the air a solution is formed as a 

result of CO2 elimination. Importantly, adding additional 

sucrose permitted regeneration of the gel. This gel-solution-gel 

cycle could be performed at least 5 times. 

Fluorescence measurements were found to be a convenient 

way to monitor fiber formation in the case of compound 3, a 

derivative of phenylalanine. The fluorescence of the phenyl 

moiety was heavily enhanced as a result of fiber formation
21

 

and therefore a sample containing the gelator dissolved in 

basic medium and the yeast was studied. Upon addition of 

sucrose the system was sealed with a polystyrene foam cap. 

Polystyrene is known to be permeable to CO2
23

 and therefore 

in the studied system a production of CO2 and its slow leakage 

take place simultaneously. As reflected in Figure 4, after ca. 2 h 

fibrillization onset is observed reaching a maximum after ca. 5 

h. Then the transitory gel is disassembled due to the 

consumption of the sucrose fuel. Further addition of sucrose 

gave place to a similar profile. Further cycles could not be 

monitored properly by fluorescence due to sample turbidity 

associated to the growth of the baker yeast in this medium. 

Summarizing, unprecedented transient formation of soft 

matter (fibrillary networks) linked to biological activity is 

achieved. In the described system baker yeast maintains its 

activity in the presence of the gel network. The success of the 

system is based in the use of water soluble gelators whose 

acidity permits protonation around neutral pH values.  

 

Figure 4. Fluorescence measurements (λex = 260 nm, λem = 295 nm) for 
transitory gel formation by compound 3 in the presence of baker yeast. [3] = 5 
mg/mL, [baker yeast] = 4 mg/mL, [K2CO3] = 0.05 M, [sucrose] = 40 mg/mL. 

In this dissipative system the fuel, sucrose, is transformed in 

work, fibrillary network formation, and further dissipated upon 

CO2 liberation. Therefore, the dissipated energy is associated 

to an overall entropy gain resulting from the liberation of CO2 

to the atmosphere. It is clearly envisaged that the temporal 

existence of the gels can be regulated by means of sucrose and 

yeast concentration as well as by the thickness of the 

polystyrene cap or any other system for the controlled release 

for CO2. Importantly, this approach is expected to be 

compatible with other molecular gelators or with the 

preparation of other soft materials whose formation is linked 

to pH changes in the range described here. Also, it has to be 

recalled the important biological relevance of transient fibrillar 

networks cited in the introduction. Another point of interest is 

the use of gels with programmed lifetimes for fluidic guidance, 
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release or self-erasing prototypes as it has been smartly 

pointed out recently.
18

 Additionally, in a broader scope, life 

itself is an example of far-from-equilibrium system, and the 

development of artificial systems imitating this property is of 

interest for the study of the origin of life.
24
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