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Chemical waves represent one of the fundamental behaviors that emerge in nonlinear, out-of-equilibrium
chemical systems. They also play a central role in regulating behaviors and development of biological
organisms. Nevertheless, understanding their properties and achieving their rational synthesis remains
challenging. In this work, we obtained traveling chemical waves using synthetic organic molecules. To
accomplish this, we ran a thiol-based reaction network in an unstirred flow reactor. Our observations
revealed single or multiple waves moving in either the same or opposite directions, a behavior controlled
by the geometry of our reactor. A numerical model can fully reproduce this behavior using the proposed
reaction network. To better understand the formation of waves, we varied the diffusion coefficient of the
fast inhibitor component of the reaction network by attaching polyethylene glycol tails with different
lengths to maleimide and studied how these changes affect the properties of the waves and conditions

for their sustained production. These studies point towards the importance of the molecular titration
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machine learning (ML) tools to identify phase boundaries for classes of dynamic behaviors of this system,
thus demonstrating the applicability of ML tools for the study of experimental nonlinear reaction-
diffusion systems.
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approach involved incorporating existing nonlinear chemistry,
as in the Belousov-Zhabotinsky (BZ) reaction,'®** into hydro-
gels. While this method provided a foundation for exploring

Introduction

Biological organisms adapt, evolve, and self-replicate. These

essential properties remain out of reach in synthetic materials
because of the inherent lack of autonomous regulation.'”
Inspired by biological organisms, where responses are
controlled by biochemical signaling networks,* researchers
have recently developed soft materials which are autonomously
regulated by synthetic chemical reaction networks.* The initial

“Department of Molecular Chemistry and Materials Science, Weizmann Institute of
Science, Rehovot, Israel. E-mail: sergey.semenov@weizmann.ac.il

*Department of Chemistry, Shenzhen Key Laboratory of Small Molecule Drug Discovery
and Synthesis, Southern University of Science and Technology, Shenzhen, China
‘Department of Chemical Research Support, Weizmann Institute of Science, Rehovot,
Israel

School of Biological and Health Systems Engineering, Arizona State University,
Tempe, Arizona, USA

‘Department of Physical Chemistry and Materials Science, University of Szeged,
Szeged, Hungary

/Department of Applied and Environmental Chemistry, University of Szeged, Szeged,

Hungary

¢Graduate Program in Biophysical Sciences, University of Chicago, Chicago, IL, USA
"Department of Chemistry, University of Chicago, Chicago, IL, USA

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4sc06351a

i These authors contributed equally to this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

rich, dynamic behaviors in hydrogels, it faced significant limi-
tations in chemical control due to (i) restricted ability to modify
component structures, (ii) incomplete knowledge of reaction
mechanisms, and (iii) difficulty in simultaneously designing the
hydrogel chemistry and the regulatory reaction networks. To
overcome these challenges, the field has explored the use of de
novo enzymatic,*'> DNA,”® and organic>**® reaction networks to
regulate hydrogels. Among these, reaction networks composed
of small organic molecules offer greater flexibility in controlling
component structures through synthetic organic chemistry,
surpassing the control offered by DNA and enzyme chemistry.
One frequently found motif in regulatory chemical networks
is chemical waves. They are important elements for regulating
behaviors in biology, including cellular function,**® peristaltic
motions,"” and heartbeats.”® Chemical fronts and waves are
defined as a variation in concentration of chemical compounds
which propagates in nonlinear chemical systems far from
equilibrium."** This propagation is usually driven by autocat-
alytic reactions.”* While an autocatalytic system is sufficient for
the formation of fronts, the formation of waves additionally
requires negative feedback. Similar to waves in the sea, chem-
ical waves have a crest, a trough, and a face.”® In synthetic
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systems, chemical waves have been observed in BZ and related
reactions,” on the platinum surface during catalytic oxidation
of CO,*** in in vitro experiments with Min proteins,** and in
predator-prey DNA reaction networks.”*** They, however, have
not yet been obtained using non-biological organic chemistry
lacking oxo-halogen or metal species. Chemical waves from
small organic molecules offer various advantages for control-
ling soft materials. First, the structural versatility of organic
molecules aids in controlling the waves (e.g., their traveling
velocity, amplitude, and width) by tuning the rate of constants
and diffusion coefficients of reactants. Second, the chemistry of
small organic molecules exhibits a natural synergy with the
materials chemistry of hydrogels.>>*

In this work, we demonstrate for the first time, the synthesis
of traveling chemical waves from organic reaction networks. To
achieve this, we introduced thiouronium salt-based oscillatory
reaction network into an unstirred flow reactor. By using mal-
eimide derivatives with different diffusivities, we demonstrated
that molecular titration motif plays a central role in generating
chemical waves in this system.

Results and discussion
Experimental design

To generate chemical waves, an oscillatory chemical reaction is
conducted under unstirred conditions within a hydrogel or
a solution layer.”” To design recurring waves, it is essential to
identify the conditions for the periodic initiation of waves
within the hydrogel. For most oscillatory systems, one of these
conditions is the constant supply of reactants, which ensures
that the system remains out of chemical equilibrium. Addi-
tionally, other experimental parameters, such as the dimen-
sions of the hydrogel and the concentration of reactants, must
be fine-tuned to avoid steady-state situations.

In this project, we used a thiouronium salts-based version of
thiol oscillators, also called Semenov-Whitesides oscillators by
Gao and Epstein (see Fig. 1).>%***° Autocatalysis in this system
requires two components: thiouronium salt and disulfide of B-
aminothiol, typically cystamine (Fig. 1a and b). This two-
component nature of the autocatalysis allows for separate
supply of these components from opposite channels and avoids
activation of autocatalysis at the interface between the hydrogel
and feeding solution. Another advantage of this oscillator, even
over thioester-based oscillators,**** is the very large ratio of the
rates of autocatalytic production of thiol versus their non-
catalytic production by hydrolysis and aminolysis, which is an
important parameter characterizing the efficiency of autocatal-
ysis. This ratio is particularly high for thiocholine-based thio-
uronium salt, which we selected for this study. The negative
feedback in this oscillator is provided by two molecules: mal-
eimide and acrylamide. Maleimide is present in small quanti-
ties, but it reacts with thiols very quickly and suppresses
autocatalysis.

Diffusion of molecules plays an important role in defining
behaviors of chemical waves. Therefore, we sought to manipu-
late the diffusion coefficients of maleimide-based components
in the oscillatory network by attaching polyethylene glycol tails
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to the nitrogen of the maleimide scaffold (Fig. 1c). We synthe-
sized substituted maleimides by reacting N-methox-
ycarbonylmaleimide with amine-terminated triethylene glycol
monomethyl ether (TPEG) or amine-terminated hexaethylene
glycol monomethyl ether (HPEG).*> This substitution led to
a gradual decrease in the diffusion coefficient from 7.76 x 10°
em? s~ ! for unsubstituted maleimide (Mal) to 5.23 x 10~® cm?
s ! for TPEG-Mal and 3.02 x 10 ° cm? s™' for HPEG-Mal, as
determined by DOSY NMR following maleimide peak at
approximately 7 ppm. The diffusion coefficients for all starting
materials are summarized in the Tables S2 and S3.7

In this study, we utilized a miniaturized version of the
reactor design previously published by Duzs and Szalai.*® The
reactor consists of two channels inside a hydrogel piece through
which the solutions of reactants flow (Fig. 2, see ESI and Video
S1f for the fabrication procedures). Therefore, we could supply
cystamine and thiouronium salt, two starting materials for
autocatalysis, in independent channels. We used 1% agarose
hydrogel as a material for the reactor because of simplicity of its
preparation, good mechanical properties, high water content,
and inertness. The channels within the gel were 0.8 mm in
diameter, and the thickness of the gel was 2 mm to accommo-
date the channels. We varied the width and length of the reactor
to study their impact on the chemical waves. The width deter-
mined how quickly the reagents reached the middle of the
reactor, while the length determined the distance the waves
could travel.

To encase the hydrogel, we used a polydimethyl siloxane
(PDMS) casing that was attached to a glass slide. The PDMS
casing served as a mold to cast the hydrogel, provided
mechanical strength to the setup, and offered connection ports
for tubing. The setup was covered with a detachable glass slide
from the top to enable visualization of the wave in the gel. For
visualization, we used a silicon derivative of rhodamine dye
(Fig. 1d) that reversibly reacts with thiols.** The sensor is blue in
the absence of thiols and colorless in their presence. It has
sensitivity for thiols in the mM range, which is optimal for our
experiments where we expected a change in the concentration
of thiols in the range of 0-10 mM.

We used two setups for supplying reactants to the hydrogel
by syringe pumps: one with three syringes and the other with
four. The three-syringe setup was used exclusively for experi-
ments with Mal. In this setup, the first syringe contained 1 (200
mM), Mal (20 mM), and 3 (1600 mM) in water. Its contents were
premixed in a T-junction mixer with 2 M Tris buffer pH 7.5
supplied from the second syringe. This solution was flown
through the first channel of the reactor. The third syringe
contained 2 (200 mM) in 1 M Tris buffer pH 7.5, and its contents
were directly supplied to the second channel of the setup. This
arrangement ensured that 1 and maleimide were not hydro-
lyzed in the Tris buffer in the syringes, while also eliminating
the buffer gradient inside the hydrogel. The flow rate of reac-
tants was 200 or 300 uL h™" in each channel. Changes in the gel
were recorded by a USB camera mounted on the top of the
setup.

The four-syringe setup was used for experiments with all
maleimide derivatives (Mal, TPEG-Mal, or HPEG-Mal). It

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemistry of the reaction network that generates chemical waves. (a) Hydrolysis and aminolysis of thiouronium salt 1 noncatalytically
produce thiocholine and initiate autocatalysis. (b) The mechanism underlying the autocatalytic production of thiols. (c) Fast removal of thiols by
maleimide and its substituted derivatives as well as slow removal of thiols by acrylamide. (d) The mechanism of action of the reversible

colorimetric thiol sensor.

included two T-junction pre-mixers. The syringes one and two
were identical to those used in the three-syringe setup, with an
exception that the first syringe contained Mal, TPEG-Mal or
HPEG-Mal dependently on the experiment. The third syringe,
however, contained 2 (400 mM) in 2 M Tris buffer pH 7.5. Its
contents were premixed with a water solution of Mal, TPEG-Mal
or HPEG-Mal from the fourth syringe. In this arrangement, Mal,
TPEG-Mal, or HPEG-Mal could diffuse from both channels.
The reason for using two setups is the difference in diffusion
coefficients of Mal, TPEG-Mal, or HPEG-Mal. Mal is the fastest

© 2025 The Author(s). Published by the Royal Society of Chemistry

diffusing molecule in the system, which allowed us to supply it
from one channel and still prevent premature activation of
autocatalysis. TPEG-Mal or HPEG-Mal, which diffuse signifi-
cantly slower than maleimide, had to be supplied from both
channels.

Experiments with different reactor geometries

Initially, we conducted experiments using Mal in three reactors
of varying dimensions: (i) 5 mm in width and 20 mm in length,

Chem. Sci., 2025, 16, 659-669 | 661
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Fig.2 Scheme of the experimental set-up. Reagents are supplied to the gel reactor from three or four syringes. The magnified image of the gel
reactor is shown in three-dimensional projection. The images of the gel are recorded from the top by USB camera. X-Mal stands for Mal, TPEG-

Mal, and HPEG-Mal.

(if) 7 mm in width and 20 mm in length, and (iii) 5 mm in width
and 30 mm in length. Across all reactor geometries, we observed
multiple waves moving along the length of the reactor, parallel
to the channels (Fig. 3). In the 5 mm width reactors (Fig. 3a and
c), wave initiation occurred at the end of the reactor furthest
away from the entrance of the reagents. For the 7 mm wide
reactor (Fig. 3b), initiation occurred closer to the middle of the
reactor. For the 30 mm long gel (Fig. 3c), we observed multiple
waves traveling simultaneously.

Qualitatively, the formation of waves can be understood as
follows: initially, reagents diffuse into the hydrogel. Similar to
previously studied oscillators,®***' there are three critical
reactions at play: hydrolysis of 1, aminolysis of 1, and conjugate
addition of thiocholine, produced by hydrolysis and aminolysis,
to Mal (Fig. 1a and c). Together, these reactions act as a trigger
that initiates autocatalysis only when all Mal is consumed. The
timing of initiation is usually determined by the competition
between hydrolysis (or aminolysis) of 1 and the supply of Mal.
The supply of Mal is slightly weaker towards the downstream
end of the reactor due to some of the Mal in the channel already
diffused into the gel. Additionally, initiation tends to occur
towards the middle (along the width) of the reactor, where the
supply of Mal is slow, but the concentration of 1 is still high
enough. Once initiated, a wave travels along the length of the
reactor as it is an area where the medium is excitable. 1 and 2
are supplied from opposite sides, resulting in the fastest auto-
catalytic production of thiols, which determines excitability, in
the middle. The high concentration of 3, which removes thiols
after they are autocatalytically produced, ensures that the
medium recovers its excitability for the next wave.

We quantitatively analyzed the frequency and propagation
rate of waves in our experiment (Fig. 3). To determine frequency
of waves, we measured the value in the red channel at a spot
along the waves' path. As the wave passed through the spot, the

662 | Chem. Sci,, 2025, 16, 659-669

blue thiol sensor (which absorbs red and partially green light)
decolorized in that area, resulting in a spike in intensity in the
red and green channels. Our analysis showed that the period
between waves, as well as the amplitude of waves, decreased
over time, approaching a constant value. The period between
waves was larger (~2 h for the last two waves) and the waves
were “sharper” in the wider (7 mm) reactor compared to the
narrower (5 mm) reactors, where the period between waves was
1-1.5 h.

To analyze the propagation rate of waves, we measured the
rate of movement of the point corresponding to a wave's posi-
tion at its half amplitude. Our data revealed that the propaga-
tion rate did not significantly depend on the geometry of the
reactors (Fig. S147). As with the period between waves, the
propagation rate decreased over time, approaching a constant
value. These phenomena likely reflect the global approach of
the system to a steady wave-production mode. The larger
intervals between waves at the beginning of the experiments
allowed for a more complete recovery of concentrations of 1 and
2 in the gel, resulting in faster autocatalysis and faster propa-
gation of waves. The values for propagation rates in the range of
7-22 mm h™' were comparable to our previous studies and
other organic or biochemical systems,>*****¢ but were almost
order of magnitude slower than in BZ reaction.’”

Of particular interest is the comparison with experiments
performed by Duzs and Szalai with the bromate-sulfite-
ferrocyanide (BSF) reaction.® They observed waves that were
qualitatively very similar to our case. These waves emerged at
one end of the reactor and traveled parallel to the channels.
Although the chemical nature of reactants and the mechanism
of the BSF reaction are substantially different from Semenov-
Whitesides system,* it also requires the substrates for the key
autocatalytic step to be supplied externally. Thus, this type of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Experimental observation of chemical waves in reactors with different geometry. Dark-blue regions have low concentration of thiols;
light-blue regions have high (compared to surrounding regions) concentration of thiols. The direction of the flow is from the top to the bottom.
Experimental conditions: 25 °C, right channel (as in the image) — 1 M Tris-buffer pH 7.5, [1] = 100 mM, [Mal] = 10 mM, [3] = 800 mM, flow =200
uL h™%, left channel (as in the image) — 1 M Tris-buffer pH 7.5, [2] = 200 mM, flow = 200 pL h™2. (a) The experiment in the reactor with 20 x 5 x
2 mm dimensions. The plot provides the analysis of the waves' frequency, obtained by plotting the value in the red channel at a spot along the
waves' path. The space-time plot was obtained by stacking 1D profiles along the central axis of the reactor obtained at each time point in the
green channel. (b) The experiment in the reactor with 20 x 7 x 2 mm dimensions. The plots were obtained as for (a). (c) The experiment in the

reactor with 30 x 5 x 2 mm dimensions. The plot were obtained as for (a). See also Videos S2-S4.1

wave in a two-channel reactor can be expected for a variety of
chemical oscillators that share this feature.

Experiments with different derivatives of maleimide

One of the primary advantages of using small organic molecules
for constructing reaction-diffusion systems is the ability to
independently vary reactivity and diffusion. Thus, we used three
different maleimide derivatives - Mal, TPEG-Mal, and HPEG-
Mal - that have almost identical reactivity but different diffu-
sion rates. To induce sustained waves - defined as periodic
waves traveling the full length of the hydrogel - we supplied
PEG-substituted maleimides from both channels. For the sake
of better comparison, Mal was also supplied from both chan-
nels in this series of experiments (Fig. 4, Videos S5-S117).
During the search of conditions for sustained wave production
with different maleimides, we noticed that under certain
conditions, waves traveling through the entire length of the
hydrogel would fade, but the system did not settle into a steady
state. Instead, the system reached a state where only very short-

© 2025 The Author(s). Published by the Royal Society of Chemistry

traveling waves appeared at the tip of the hydrogel piece (for
example see Video S51). We called this regime “tip waves”.

The concentrations of maleimide derivatives necessary for
achieving sustained waves increased with the rise in the
molecular weight of the maleimide derivatives. For instance,
the minimal concentrations of Mal required for sustained waves
were 4 and 10 mM in left and right channels respectively (Fig. 4a
and Video S6t). Corresponding concentrations for TPEG-Mal
were 12.5 and 25.5 mM (Fig. 4b and Video S107), and for HPEG-
Mal, they were 17 and 35 mM (Fig. 4c and Video S117). Analysis
of the period and propagation rate of these waves (Fig. 4 and
S157%) revealed a surprising insensitivity to the nature of the
maleimide component in the observed regime. Nevertheless,
Mal supported sustained waves with a period of approximately
one and a half hour (Fig. 4a), while for TPEG-Mal and HPEG-
Mal, the periods were not shorter than two hours (Fig. 4b and c).
The space-time plots (Fig. 4) indicate that in all experiments
waves reached steady regimes where they propagate with
constant velocity. The propagation rate for the waves
approached about 15 mm h™", regardless of the maleimide
component (Fig. S1571).

Chem. Sci., 2025, 16, 659-669 | 663
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Fig. 4 Experimental observation of chemical waves obtained with unsubstituted and PEG-substituted maleimides. Dark-blue regions have low
concentration of thiols; light-blue regions have high (compared to surrounding regions) concentration of thiols. Direction of the flow is from the
top to the bottom. Experimental conditions: 25 °C, right channel (as in the image) — 1 M Tris-buffer pH 7.5, [1] = 100 mM, [3] = 800 mM, flow =
300 pL h™% concentrations of corresponding maleimides are shown in the figure, left channel (as in the image) — 1 M Tris-buffer pH 7.5, [2] =
200 mM, flow = 300 uL h™2. (a) The experiment with Mal. Right channel [Mal] = 10 mM; left channel [Mal] = 4 mM. The plot provides the analysis
of the waves' frequency, obtained by plotting the value in the red channel at a spot along the waves' path. The space-time plot was obtained by
stacking 1D profiles along the central axis of the reactor obtained at each time point in the green channel. (b) The experiment with TPEG-Mal.
Right channel [TPEG-Mal] = 25.5 mM; left channel [TPEG-Mal] = 12.5 mM. The plots were obtained as for (a). (c) The experiment with HPEG-Mal.

Right channel [HPEG-Mal] = 35 mM; left channel [HPEG-Mal] = 17 mM. The plots were obtained as for (a). See also Videos S5-S11.1

To better understand relationship between conditions for
sustained waves, concentrations of maleimide derivatives, and
their diffusion coefficients, we plotted minimal concentration
of the maleimide component (average between two channels)
required for sustained waves against the diffusion coefficient of
the maleimide component (Fig. 5a). The dependence is inverse.
This trend is intuitively understandable. The formation of sus-
tained waves, much like oscillations, requires the recovery of
excitability in the medium after the passage of a wave. This
recovery relies on the complete quenching of autocatalysis,
a process enabled by the maleimide component. Given that the
supply of maleimide derivatives is proportional to their
concentrations and diffusion coefficients, derivatives with
slower diffusion rates need to be introduced at higher concen-
trations to maintain the supply rate similar to that of Mal.

In experiments with Mal, we also examined dependence of
the frequency of waves on Mal concentration (Fig. 5b, Videos
S5-S97). The period of the waves gradually increases as we move
from the lower to the higher limit of maleimide concentrations.
At concentrations of 8 mM and 16 mM in left and right channels
(12 mM average), no initiation happens, and waves do not
emerge. In this regard, the behavior of the waves closely mirrors
the behavior of oscillations in the Semenov-Whitesides

664 | Chem. Sci, 2025, 16, 659-669

system.>®?*%* As Mal concentration increases, the oscillations
undergo Fold bifurcation and disappear through infinite period
increase, as waves do in the current setup.”* Both trends -
inverse dependence of the concentration vs. diffusion coeffi-
cient and linear dependence of the period vs. concentration —
point towards importance of molecular titration motif for the
behavior of these waves.*®* Strong (in many cases linear)
dependence of the system's dynamics from the supply rate of
the fast inhibitor is characteristic for it.*

Nevertheless, Mal, TPEG-Mal, and HPEG-Mal are not
completely interchangeable in terms of the properties of the
waves that they produce. We conducted a detailed analysis of
the wave shapes in experiments involving Mal, TPEG-Mal, and
HPEG-Mal (Fig. 6). The impact of maleimides on the wave
shapes is clearly observable. The shape gradually transitions
from “ball-like” to “bullet-like”. This shape change is likely
related to an increase in the steepness of concentration gradi-
ents when transitioning from Mal, to TPEG-Mal and HPEG-Mal.
The steeper gradient is necessary for TPEG-Mal and HPEG-Mal
to maintain the required flux of these molecules despite their
slower diffusion compared to Mal. However, the resulting
distributions of reagents are not equivalent, leading to differ-
ences in the shape of the waves.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This observation illustrates how subtle features of a dynamic
chemical system can be finely tuned by modifications in the
molecular structure of participating reactants. The attachment
of the PEG tails to the maleimide core most likely has little
influence on the reactivity of the molecules but slows their
diffusion. As a result of these modifications, all molecules can
generate a similar waves, but their shape depends on the nature
of the molecules.

Numerical model

To better understand the formation of waves in our experi-
ments, we have constructed a numerical model that describes
the reaction network in Fig. 1. Mass transport in the vertical
direction has only a small contribution, since the flow reactor is
made up of a thin gel. Hence, the setup in Fig. 2 is simplified by
considering only the center horizontal plane, resulting in a two-
dimensional system. The width and length of the reaction-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TPEG-Mal
295 min

HPEG-Mal

562 min

434 min

5mm

Fig. 6 Analysis of the shapes of the waves obtained with unsubstituted
and PEG-substituted maleimides. The waves were taken from exper-
iments shown in Fig. 4. The profiles of the waves were obtained by
subtracting the background (a representative image without a wave)
from the image with the wave in green and red channels.

diffusion domain and the initial concentrations are set to
match the experimental values. The linear flow velocity is
adjusted to correspond to the experimental residence times
(Fig. 7).

As the reactants fill up the gel, a mixing zone develops along
the central long axis of the reactor. At the far end, a spot with
high cysteamine concentration may evolve that generates
a chemical wave traveling along the axis in a direction opposite
to the flow of reactants. This wave is characterized by
a maximum in cysteamine concentration and leaves a low
cysteamine state in its wake. This is then followed by a second
wave, behind which the central region can remain in the high
cysteamine state or return to the low cysteamine state,
depending on the conditions.

In Fig. 7a, we present a scenario where the sustained peri-
odic initiation of a chemical wave takes place at the far end of
the gel. The resultant wave propagates along the long axis
yielding spikes of high cysteamine concentration with uniform
temporal delay between them (see Fig. 7b). This behavior,
shown with a green shaded area in the phase diagram of Fig. 7c,
is observed below a critical maleimide input concentration.
Above that, no sufficient buildup of cysteamine occurs at the
edge and no waves are initiated. A lower critical maleimide
concentration also exists (illustrated by red dots in Fig. 7c),
below which the second wave leaves a trail of high cysteamine
concentration along the axis and no further wave propagation
occurs. In the region above this latter limit, the initiation
departs from the edge as the maleimide concentration is low-
ered, generating the tip waves that we also observed in
experiments.

Overall, the model mirrors experiment in both qualitative
and quantitative aspects, and it captures even unusual regimes
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observed. Between green and red dots tip waves are seen. Below red dots waves are damped.

such as tip waves. This correspondence shows that behavior of
this system can be mostly explained by the basic reaction set
proposed in Fig. 1.

Analysis of the waves using machine learning

Machine learning (ML) can be used to identify the key patterns
and relationships in large data sets or high dimensional data,
providing insights into the underlying system. To better
understand the chemical waves in our system, we analyzed this
system using a convolutional autoencoder structure that passes
the data through a low dimensional bottleneck while still
preserving enough information to reconstruct the input
data,*** ensuring that essential features are still present in the
data (Fig. 8a). We trained the autoencoder using images
generated by the numerical model because they contain more
chemical information and less noise than experimental data
while still capturing all the essential features of the experi-
mental system. The low dimensional latent space learned by the
autoencoder contains the most important features of large and
potentially noisy input data space. Dynamics in this reduced
dimensional space can additionally provide insights into the
dynamics of the full system.**** We use these ML techniques to

666 | Chem. Sci, 2025, 16, 659-669

identify phase boundaries on wave behaviors as well as inves-
tigate a minimal dynamical model of the system.

We estimated the phase boundaries in the parameter space
of the system using machine learning techniques to predict
boundary points and behaviors for parameter combinations not
sampled by simulations.** From a small number of simulations,
we used a linear Support Vector Machine (SVM) to calculate the
latent space boundary between different labeled resulting
behaviors (Fig. 8b). The separating hyperplane was then pro-
jected back to the space of input parameters, allowing predic-
tion of behavior directly from input parameters (Fig. 8c). The
initial boundary prediction is noisy, but converges quickly with
a small number of resampled points from the identified region
of interest. We resample based on points selected in the latent
space and then projected back to the parameter space as it
provides more efficient coverage of less frequent behaviors.***
Machine learning guided sampling and boundary prediction of
this system allows estimates of behavior transition boundaries
with significantly fewer samples than would be needed in the
full parameter space.

To propose a minimal model of the system, we first averaged
the data from the numerical model along the short axis for each

© 2025 The Author(s). Published by the Royal Society of Chemistry
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channel, giving us a series of 1D concentration profiles over
time for each chemical species (Fig. S181). We then trained an
autoencoder on the combination of concentrations for each
time and space point, allowing us to reduce 7 channels to only 1.
This suggests that there is a minimal model that could repre-
sent concentration profiles of reactive species through only
a single dynamical variable.** We find that the following model
qualitatively describes the waves seen in the one dimensional
latent variable. The wave velocity as a function of the latent
variable, u, is given as

w(u) = vy + vVin(u),

which allows us to connect the wave propagation to the gradient
of a chemical potential - like quantity. The full wave can then be
modeled as

%: D, V*u — Vy(u) + u(m(x) — u)

where m(x) is the background source gradient, analogous to the
source chemicals diffusing out from the flow channels, and
approximated as linear. This wave has the structure of a Fisher
like wave with a changing background concentration. Overall,
this analysis helps identify some of the important driving forces
and characteristics of the resultant waves. Specifically, in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

latent dimension, the waves are convected by the equivalent of
a chemical potential like gradient. Further, source and sink
terms reminiscent of those encountered in population
dynamics models also drive the wave forms.

Conclusion

As the majority of dynamically self-organized states of matter,
chemical waves are challenging targets for rational design
because of their holistic nature. The overwhelming majority of
traveling chemical waves were seen in inorganic redox reac-
tions; these observations provided insights into dissipative
chemical structures."®>* Recent studies have begun to explore
a bottom-up approach to synthesize chemical waves using
synthetic DNA reaction networks.** Here, we used a bottom-up
approach to demonstrate, for the first time, the synthesis of
traveling chemical waves using networks of organic reactions.
Quadratic autocatalysis with two direct inhibition reactions
is among the simplest reaction networks capable of generating
sustained oscillations in CSTR.*?* This network was used to
create chemical oscillators with various chemistries.?®***8 Here,
we showed that it can also generate sustained chemical waves.
This observation follows a general trend in nonlinear chemical
reactions where the same reaction (e.g., BZ reaction) can
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generate a variety of phenomena depending on the reactor type
and other experimental conditions. Nevertheless, the reaction
networks of BZ type have many elementary steps and many
sources on nonlinearity;* it is interesting to see that similar
trends persist even in networks with only a few reactions.

A key feature of the two-inhibitor network is the molecular
titration (trigger) motif,* which is responsible for maintaining
oscillations in CSTR.*" By varying the diffusion coefficient of the
fast inhibitor, we demonstrated that the trigger motif is also
responsible for the generation of the sustained waves. This
observation highlights a deep connection between chemical
oscillations and waves, showing that the same underlying
mechanisms can give rise to both phenomena.*” It also high-
lights the usefulness of deconstructing complex networks into
smaller motifs to understand their behavior.>®** While our
understanding of such holistic systems will always be incom-
plete, this reductionist approach is still valuable for designing
new reaction networks with desirable properties.

An alternative to the reductionist approach for constructing
dynamic chemical systems is the use of machine learning (ML),
which captures the behavior of a system as a whole in response
to changes in external parameters. The first step in this direc-
tion is to train ML on the numerical model of the system. In this
work, we demonstrated that ML, using latent space analysis,
identifies and extracts the most relevant parts of extremely high
dimensional data and captures essential dynamic features of
the system. As a result, it can predict the phase space of the
system and suggest the dimensionality of a minimalistic model
that would capture some essential properties of the system. For
design purposes, the next step would involve extracting major
correlations between system behaviors and control parameters
within a large parameter space using ML. These correlations
can then be used to guide the design of such systems.

Through this work, we envision that these types of waves may
produce peristaltic motions in soft materials,**** relevant for
applications where fluids and particles need to be controlled
autonomously.* For future applications, it might be beneficial
to change the negative feedback from conjugate addition to
oxidation to enable the regeneration of thiols without material
exchange. Learning how specific spatiotemporal behaviors
originate from synthetic networks may reveal new strategies to
synthesize non-linear reaction-diffusion systems and materials
regulated by them.>*’
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