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Strands of DNA can be used to generate waves of chemical reactions with programmable shape and
velocity.
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Research in chemistry can be roughly divided into two
categories: analysis—the measurement of existing ob-
jects and phenomena—and synthesis—the construction
of those objects and phenomena from simpler pieces.
Typically, synthesis lags behind analysis: one first deter-
mines the formula of a molecule (and often its structure)
before attempting to make it. However, as chemistry ad-
vances, investigators are increasingly attempting to syn-
thesize first, designing chemical systems that realize de-
sired phenomena. A team led by André Estevez-Torres
at CNRS in France and co-workers [1] has demonstrated
an experimental toolkit that could be used for the ratio-
nal engineering of nonlinear chemical effects in solution.
Using DNA strands moving in a narrow channel and re-
acting under the action of enzymes, the authors are able
to create chemical waves whose shapes and velocity can
be finely controlled. Their setup could be programmed to
yield a broad spectrum of other nonlinear phenomena in
systems governed by a combination of chemical reactivity
and molecular diffusion (“reaction-diffusion” systems).

Nonlinear chemical dynamics [2] characterizes many
natural and industrial processes and is a quintessential
feature of living organisms: most of their chemistry oc-
curs far from equilibrium, has a nonlinear dependence
on parameters like molecular concentrations, and may
exhibit temporal oscillations (many biological functions
are, for instance, synchronized to a 24-hour cycle). Re-
searchers have applied a number of algorithms to de-
sign systems featuring such nonlinear behavior, engineer-
ing chemical oscillators [3] (reactions in which the con-
centration of one or more components exhibits periodic
changes), propagating reaction fronts [4] or “Turing pat-
terns” [5]—spatial patterns of concentrations that, as
Alan Turing proposed, might be related to biological
morphogenesis (e.g., the formation of leopard spots or
zebra stripes).

But design algorithms are severely limited by the re-
alities imposed by nature. One may write down a set

of equations that generates a desired phenomenon, e.g.,
spatiotemporal chaos, for a set of reaction rates and dif-
fusion coefficients. There is, however, no guarantee that
an actual collection of molecules can be found that real-
izes the theorized behavior. For example, over the past
several decades, researchers have successfully engineered,
through systematic studies, new chemical oscillators with
desired parameters for a variety of applications. These
efforts have resulted in the discovery of several oscillators,
but none of these oscillators “by design” has attained the
importance of the Belousov-Zhabotinsky (BZ) reactions
[6], a family of oscillating reactions (discovered serendipi-
tously) that remains the most versatile and reliable chem-
ical oscillator for most applications.
Most efforts to design reaction-diffusion phenomena

have utilized small inorganic molecules, largely because
these substances are cheap, easy to work with, and pro-
duce visible color changes when they undergo reduction
and oxidation (redox) reactions. Unfortunately, these re-
action mixtures are typically not biocompatible, and they
cannot be used in applications that place them in contact
with components of living systems like proteins. The BZ
reaction, for example, only works at acidity levels lethal
to most biological cells.
A solution may be offered by oligonucleotides (short

single strands of DNA or RNA), which have been uti-
lized as versatile building blocks for oscillators [7], com-
putational elements [8], and structures with arbitrary
shapes [9]. In their new work, Estevez-Torres et al.[1]
have focused on dynamical aspects: They demonstrated
that DNA strands can be used to realize an experimental
model for reaction-diffusion systems whose spatiotempo-
ral dynamics is fully controllable by programming three
key elements of the system: the reaction rates, the dif-
fusion coefficients, and the topology of the chemical re-
action network (i.e., which reactions are linked to each
other in ways that generate positive or negative feed-
back).

DOI: 10.1103/Physics.8.12
URL: http://link.aps.org/doi/10.1103/Physics.8.12

c© 2015 American Physical Society

http://link.aps.org/doi/10.1103/Physics.8.12


Physics 8, 12 (2015)

FIG. 1: Schematic view of the system studied by Zadorin et
al.[1]. A single-stranded DNA (A) binds to one of the two
complementary ends of the DNA template T. The resulting
A:T complex uses the polymerase enzyme (pol) to generate
another molecule of A on the template. A second enzyme
(nick) facilitates the splitting of the two A molecules and
their detachment from T. The net result is an “autocatalytic”
reaction in which A catalyzes its own production: A+ T+
monomers → 2A+T. By varying the concentration of DNA
strands and enzymes, the authors were able to generate waves
of chemical reactions with controllable shape and velocity.
(APS/Alan Stonebraker; Image on homepage A.S. Zadorin et
al.[1])

Figure 1 shows a schematic of the authors’ setup: a
linear channel in which they are able to generate traveling
waves of chemical concentrations whose velocity can be
precisely controlled. A single strand of DNA (A) can
attach to either half of a complementary strand (T) to
form a complex (A:T). In the presence of an enzyme (pol),
the A:T complex serves as a template for growth of an
additional A strand from monomeric precursors in the
solution. A second “nicking” enzyme (nick) causes the
two A molecules to detach from the T strand. The net
result is an “autocatalytic” reaction in which A acts as
a catalyst of its own production: A+T+monomers →
2A+T
It is known [2] that autocatalytic reactions can gener-

ate chemical waves that travel with a characteristic ve-
locity (ν) depending on the effective rate constant (k)
for the reaction and the diffusion coefficient (D) of the
autocatalyst (A in this case): ν = (kD)1/2. This idea
has been exploited [4] to generate a family of propagating
acidity fronts in inorganic reactions, where the hydrogen
ion (H+) was the autocatalyst. It was not possible, how-
ever, to control the velocity of those fronts, because the
reaction rate depends on diffusion and the diffusion coef-
ficient of H+ in water is fixed. Here, the authors are in-
stead able to tune the effective rate constant k by varying
the concentration of either the template or the enzyme.
They can also control D, the effective diffusion rate of
A (which depends on the diffusion rate of A relative to
the A:T complex). By binding a heavy but chemically
inert group C to T, they can reduce its diffusion rate
and that of the complex without affecting its affinity to
A. In other words, by choosing the concentrations of T,
C, and pol, they can act on the two independent “con-
trol knobs” of the diffusion coefficient and the reaction
rate constant. In this way, they can generate reaction

waves with velocities that vary by as much as 3 orders of
magnitude.
What is exciting about this approach is that it is not

limited to the generation of chemical waves. The scheme
could be extended to generate any desired reaction-
diffusion phenomenon for which one can write a set of el-
ementary reactions. Turing patterns, for example, could
be produced, as suggested by a previous study [5], by
picking a slightly different reaction network, including an
activator (like A in this case) but also an inhibitor that
diffuses 1 order of magnitude faster than A. The “tool-
box” [10] employed by Estevez-Torres’ team, in which the
activator species (A) can be slowed down by the massive
inert group (C), already contains all elements needed to
achieve the necessary range for diffusion coefficients.
Approaches like the one explored by the authors, build-

ing on eons of evolution in the ability to control nucleic
acids, suggest a bright future for this research line. The
fact that DNA-based reactions are inherently biocom-
patible makes them attractive for potential applications,
in particular if the system can be coupled to mechan-
ical forces, as has been done for the BZ reaction [11].
For example, one could envision inserting an anticancer
drug into a DNA shell designed to undergo a mechanical
deformation and release the drug when it encounters a
molecule with a characteristic shape on the tumor sur-
face.

This research is published inPhysical Review Letters.
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