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Reversible and spatiotemporal control of colloidal
structure formation

H. Dehne!, A. Reitenbach! & A. R. Bausch® ®

Tuning colloidal structure formation is a powerful approach to building functional materials,
as a wide range of optical and viscoelastic properties can be accessed by the choice of
individual building blocks and their interactions. Precise control is achieved by DNA speci-
ficity, depletion forces, or geometric constraints and results in a variety of complex struc-
tures. Due to the lack of control and reversibility of the interactions, an autonomous
oscillating system on a mesoscale without external driving was not feasible until now. Here,
we show that tunable DNA reaction circuits controlling linker strand concentrations can drive
the dynamic and fully reversible assembly of DNA-functionalized micron-sized particles. The
versatility of this approach is demonstrated by programming colloidal interactions in
sequential and spatial order to obtain an oscillatory structure formation process on a
mesoscopic scale. The experimental results represent an approach for the development of
active materials by using DNA reaction networks to scale up the dynamic control of colloidal
self-organization.
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uiding the self-organization of colloidal particles is a
powerful concept for building materials that can adapt
their optical, mechanical, magnetic, or electrical
properties! =3, The positional order of the colloids is decisive for
the final material properties and gives rise to a myriad of func-
tional applications with unique features, as shown in photonics,
electronic materials, lithographic masks, and catalytic
scaffolds?=°. One essential advantage of colloidal systems is the
ability of controllable self-assembly tailored by the interactions of
the individual particles'®. This enables the controlled formation
of structures such as dispersed solutions, clusters, amorphous gel-
like structures, and different types of colloidal crystals or even
colloidal machines!!-14. To date, external stimuli such as tem-
perature shifts or defined chemical gradients are mostly used to
drive the dynamics of structure formation!>16, DNA hybridiza-
tion has proven to be best-suited method to control the interac-
tions of DNA-coated colloids due to its programmable binding
strength and selectivity!>17-23. The use of enzymatic reaction
networks to control DNA strand production introduces the
ability to control colloidal aggregation in time and space. By this
approach, cellular properties such as communication and sig-
naling cascades can be mimicked?*. Autonomously acting col-
loidal systems that can perform transient aggregation pulses with
tunable steady states have been realized?>~%7 by relying on the
consumption of molecular fuel without further reversibility.
Simply harnessing the supply of fuel is not sufficient to realize
dynamic colloidal systems that are capable of autonomous cycles
or oscillations?®2%. Such systems require the coupling of enzy-
matic reaction networks far from thermodynamic equilibrium
with nonlinear dynamics and feedback loops for the aggregation
kinetics of colloidal particles without any external driving3031,
Here, we harness the enzymatic activity of a polymerase,
exonuclease, and nickase (PEN) to construct an enzymatic reac-
tion network, which produces DNA strands that drive the
aggregation of micron-sized colloidal particles. Using the pro-
grammability of the underlying enzymatic reaction network, we
were able to control the colloidal aggregation speed and introduce
defined time delays to shape the final colloidal composition of a
multicomponent system. We designed reaction networks that
realize the spatial propagation of colloidal aggregation fronts and
were able to induce a communication mechanism within cm-long
channels. Finally, an enzymatic predator-prey reaction network
was used to drive autonomous oscillatory colloidal structure
formation without the need for external stimuli.

Results

We engineered a series of ANTP-driven enzymatic reaction net-
works based on the PEN toolbox3233, a DNA programming
framework designed to construct out-of-equilibrium systems
performing DNA amplification (polymerase and nickase, Fig. S1)
and DNA degradation (exonuclease, Fig. $2)34-36.

Enzymatic reactions are used to produce DNA linker strands,
which are able to induce the specific structure formation of DNA-
coated colloids. We functionalized 1 um particles with three dif-
ferent DNA strands (a,(, and y) and controlled their specific
interactions using the complementary linker strands (af and ay),
which are able to bind the respective colloids with each other
(Fig. 1a, b). The activation of the enzymatic reactions is realized
by the binding of primer strands (§ or €) to a complementary
DNA template (e.g. StoaP). The nomenclature of the DNA
template strands was chosen to be a combination of the name of
the primer (input) and the name of the resulting product (out-
put). For instance, the strand Stoaf is activated by a § strand and
produces the linker strand af, which induces the aggregation of
colloids functionalized with a andp DNA. The primer strand

concentration § or ¢ determines the linker production rate and
thus the speed of colloidal aggregation. The network kinetics are
therefore controlled by enzymatic reactions, which amplify or
degrade the primer strands.

The enzymatic reactions are designed modularly and can be
categorized into three groups: (1) Self-replication: A first-order
positive feedback loop uses the DNA template Stod or etoe
to amplify the 10 nT primer strand & or e, respectively
(6 = CATTCGGCCG, & = CATTCAGACG). The weak inter-
action between primer and template strands prevents the
saturation of the formed complexes during primer production
and facilitates nonlinear production (Fig. 1c). (2) Inhibiting
reactions: Three different reactions can be used to control the
amplification of the primer strands by degradation, by deactiva-
tion of the primer activity, or by a negative feedback mechanism
(Fig. 1d). (3) Communication: Each primer can induce the pro-
duction of the other strand (Fig. 1b).

Controlling the colloidal composition starting from homo-
genous conditions. In the first step, we established enzymatic
control of the colloidal interactions and their structure formation.
Each of the self-replicating reaction networks §tod and etoe can
exclusively prime the corresponding linker production §toaf and
etoay and induce selective colloidal cluster aggregation (Figs. 2a,
b and S3). The colloidal assembly is characterized by fractal
growth of the particles due to the strong interactions of the
complementary linker and colloidal DNA strands. The colloids
used in the reactions are fluorescently barcoded and can thus be
distinguished (a, B = green and y =red). The aggregation
induced by the ap linkers leads to homogenously green colloidal
clusters, while the ay linkers form heterogeneous clusters; only
red and green particles can aggregate with each other (Fig. 2a, b,
confocal image). The speed of aggregation is controlled by tuning
the enzymatic reaction network. Here, different concentrations of
5tod are used to control the speed of linker production, effec-
tively guiding the time traces of the aggregation (Fig. 2a).

In the next step, the two self-replicating networks were used
simultaneously and coupled via the Stoe communication strand,
while the reaction was initiated by using the § primer strand
(Fig. 2¢). As a consequence, we introduced a time delay, where
the colloidal aggregation of the green colloids is induced at first,
followed by the red particles enclosing the green clusters acting as
an alloy. Since the time delay is given by the delayed initiation of
the etoe reaction, we can adjust the time traces of the red colloidal
clustering simply by varying the concentration of Stoe (Fig. 2c).
In the experiment, the time delay of the ay linker production and
the corresponding colloidal clustering was controlled within a
period of one hour. The experimental observations were
reproduced by a simulation of two coupled autocatalytic reactions
(Fig. 2¢) (code attached in Supplemental Materials).

Molecular communication and traveling aggregation fronts. To
achieve local activity within distinct compartments, we tethered
the DNA linker-producing strands to 2 pum-sized colloids (e.g.
PW) and thus spatially constrained linker production to these

particles, while the products were free to diffuse. Colloidal cluster
aggregation was observed in a microscopic chamber with two
reservoirs connected by an ~1 cm long channel (Fig. 3a). Here,
the Psoas particles were introduced only into one reservoir (red

dotted square), while the reaction buffer including all enzymes
and primers was homogenously distributed in the chamber. As
expected, colloidal aggregation takes place only in the reservoir
with the tethered colloids. Shortly after the reaction starts, the
aggregation patterns are defined by the random position of the
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Fig. 1 DNA reaction networks control colloidal aggregation. a Scheme of an enzymatic reaction network that can inhibit and activate the amplification of
the primer DNA strands ¢ and &. In the presence of the primer strands, an additional enzymatic reaction is activated and produces a DNA linker strand,
which induces the selective structure formation of DNA-coated colloids. b The production of two different types of colloidal linker strands ay and af8

(24 nT) can be activated by the primer strands € and & (10 nT) and results in the specific aggregation of DNA coated colloids, which are fluorescently
labeled. In the communication setup, each of the primers is used as a catalytic input to produce the other primer as an output. ¢ The autocatalytic DNA
amplification is catalyzed by repetitive DNA templates using a polymerase (Pol.) and a nickase (Nick.) and is monitored using fluorescence spectroscopy
(here, Stod=120 nM). d The self-replication of the primer strands (e and &) can be controlled by three inhibiting reactions. A palindromic DNA sequence n

is used to realize the autocatalytic transformation of & into n (experiment: n =

50 nM and & =1nM). The deactivation of the primer activity is achieved by

the addition of a short polynucleotide sequence, and an exonuclease (Exo.) is used to degrade the produced DNA strands.

linker producing colloids (red mask), caused by the local con-
centration gradients of DNA linkers.

In the next step, we aimed to create the propagation of
“materialization”, initiated by a local event. Therefore, we used the
template 5tod in the buffer and activated the reaction only locally by
the addition of the primer strand § into only one reservoir.
Consequently, a concentration gradient formed, leading to diffusion
of the production of § into the channel. This setup generates a
reaction-driven propagation of §, where the speed is defined by the
ratio of the enzymatic reaction rate and the diffusive transport>’. The
modular enzymatic setup allows us to combine the reaction-driven
propagation of § with colloidal aggregation by using Stoaf strands
that are free in solution. As expected, the activation of § induces local
aggregation at the reservoir with the subsequent propagation of an
aggregation front along the channel (Fig. 3b). The front propagates
over the complete distance and exceeds the speed and distances
possible for a purely passive diffusive process. Since the propagation
of 8 is reaction driven, varying the concentration of 8tod allows
tuning of the reaction speed (Fig. 3b, inset). The distance of
propagated aggregation was monitored after 90 min for different
template concentrations and showed a linear dependence on the
initial concentration of 5tod.

In addition to the direct propagation of aggregation, the system
can also be used to realize communication between different

compartments using signaling cascades. Therefore, we added §tod
to the bulk solution and started the reaction at one reservoir by

the addition of §, while the linker-producing particles Px— Stoap VeTe

placed on the opposite site. As a result, the § strands induced a
traveling front along the channel and only induced colloidal
aggregation only once the wave reached the P5—: o Particles. This

can be seen by the absence of colloidal aggregatlon in the
reservoir where the primer strands § were introduced and the
delayed aggregation at the end of the channel, which starts after
approximately one hour (Fig. 3c).

We expanded the reaction network to create a two-level
communication system that can send and return information?%. To
this end, we used both excitable templates Stod and efoe in the
solution and placed transformation particles P_— into only one
reservoir. The reaction was triggered by introducing the primer
strand ¢ at the opposite site of the channel. Figure 3d sequentially
shows the reaction start using the € primer at one site of the channel
and the propagation of e along the channel mediated by
the etoe templates. The primer strand ¢ is transformed locally into
8 using €tod, which then triggers the backward propagation of the &
primer. Due to the linker-producing 8toaf strands, which are free in
solution, a backward aggregation of colloids is induced, which starts
at the end of the channel and subsequently propagates in backward.
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Fig. 2 Enzymatic reactions control the speed and composition of colloidal aggregation. a The aggregation of @ and P particles (green) is induced by
enzymatic reactions, and the aggregation speed can be tuned by using different template concentrations (§to8). b The autocatalytic production of ¢ is used
to control the structure formation of & and y particles and results in clusters of red and green particles. ¢ The two self-replicating reactions can be coupled
by using the “communication-reaction” of Stoe. The amplification of & is induced at first, and the time-delay of the subsequent reaction is determined by the
concentration of Stoe. The delayed production of ay linker results in a controllable initiation of & and y aggregation. The programming of the enzymatic
setup allows tuning of the colloidal composition, as shown by the green backbone (a and ) and the surrounding of red particles (3, scale bar = 10 um). The
time traces of the two reactions are simulated to demonstrate the induced time-delay. The amplification of 8 is kept constant, while the concentrations of
Stoe are varied to control the initiation of the & amplification. The time of aggregation was determined at e =1 arb. units.

Oscillatory structure formation. An oscillatory colloidal struc-
ture formation process is realized on the basis of a previously
introduced molecular predator-prey reaction network38, which
periodically produces and degrades the primer strand 8. The
nomenclature of the enzymatic reaction network used is analo-
gous to the predator-prey population dynamics described by
the Lotka-Volterra equations®. The oscillation of the DNA
strand concentrations is based on three enzymatic reactions:
exponential DNA amplification (8 = prey), a negative feedback
loop (n = predator), and a degradation reaction (natural decay).
The reaction conditions were optimized to obtain an oscillating
regime of the predator-prey system facilitating increased DNA

concentrations and longer DNA cycles with lifetimes of up to 5h
with sustained oscillation over 60 h.

The characteristics of the oscillations are based on the interplay
of the single enzymatic reactions, which depend on the temperature,
the DNA interactions, and the enzymatic activity. One way to
control the kinetics of the oscillation is the absolute concentration of
Stod strands, since the template strands directly affect the
autocatalytic production. Thus, the frequency of the oscillating
network can be systematically tuned by the concentration of this
primer strand production template §tod (Figs. 4a and $4).

To exploit the oscillation of the DNA primer strands and
control colloidal aggregation on the mesoscale, it is necessary to
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Fig. 3 Traveling aggregation fronts and communication. a The local linker production of functionalized particles (Pm) generates concentration profiles
and results in local aggregation (red area) within a microfluidic chamber (~1cm channel). b Traveling fronts of colloidal aggregation are induced by the local
activation and subsequent propagation of the primer strands. The speed of the propagation is tuned by varying the reaction speed by the global
concentration of 8tod strands. The images of the colloidal aggregates along the channel are depicted at t =90 min. ¢ Signal propagation along the
microfluidic channel is realized by the local activation at one microfluidic chamber and the propagation of & along the channel. The local colloidal structure
formation is induced by the activation of the linker production once the signal reaches the functionalized particles (Pm). d Both self-replicating systems
are used to enable the communication between the two microfluidic chambers. The amplification of ¢ is activated locally, leading to the signal propagation,
which is transformed to 8 at the end of the channel due to the functionalized particles P5. The transformation induces a backward signal propagation
which is finally coupled to the colloidal aggregation (Stoaf).

produce linker strands exclusively at the peaks of the amplifica- strand was designed to exclude destructive interferences with
tion cycles, while degradation must dominate within the valleys. the predator-prey system. Furthermore, the interactions of the
This was realized using the already introduced reaction of the primer and linker strands were optimized to realize the switch
linker-producing strand StoaB (Fig. 4a, red-dotted box). The between colloidal aggregation and disintegration (Fig. S5-7). The
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activation of linker production during one cycle of oscillation is
demonstrated in Fig. 4a.
We analyzed the dependence of the phase space of the

oscillating regime on the concentration of the template 5tod and

linker-production strand dtoap (Fig. 4b). On the one hand, the
limits are given by the stability of the enzymatic reaction. While
low concentrations of DNA templates (8to§ <200 nM) lead to
long lag phases or the absence of DNA amplification, template
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Fig. 4 Oscillating structure formation. a Scheme of the oscillating reaction network (blue dotted box) and the coupled linker reaction (red dotted boxes).
The oscillation of the DNA amplification (blue box) can be controlled in terms of frequency and can activate the linker production during the DNA
concentration peaks (red box). Here, one cycle of the oscillation is shown with (green) and without (orange) additional linker production. b Oscillating
linker concentrations in dependency of the template concentration and linker production. The green area depicts the phase space, which enables the
synchronization of the DNA concentration profiles and the colloidal aggregation. At different points in time, colloids were added (red circles) and the
microscopy snapshots demonstrate the corresponding aggregation (i, iii) and disintegration (ii), scale bar =15 um. ¢ Colloidal cluster size monitored over
time for different template concentrations (see “Methods"”, microscopy experiments). The monodisperse state is depicted in blue, while the colloidal
clusters are highlighted in red. Bottom: Microscopy snapshots of the colloidal structure formation during 10 h of oscillating linker production
(Supplementary Video, 8tod = 400 nM, with peaks of aggregations at 51, 149, 243 and 557 min, scalebar =15 pum).

concentrations exceeding a certain limit (>600nM) result in
damped oscillations (Fig. S4). On the other hand, the linker
strands need to be within a concentration regime where structure
formation can readily switch between colloidal aggregation and
disintegration. This was experimentally determined by the
addition of colloids at different points in time (Fig. 4b, red
circles) during the observation of oscillating linker production.
Within a regime of Stoa = 20-70nM (Fig. 4b, green area),
colloidal structure formation follows the exact same time trace as
the oscillating DNA profile. Finally, we analyzed colloidal
structure formation in an experimental setup in which colloids
and the reaction network were present in bulk from the beginning
and observed oscillations of up to 5 cycles with different
frequencies (Fig. 4c and Supplementary Video).

Discussion

The functionality and complexity of biological systems rely on the
self-organization of multiple components, which are orchestrated
by biochemical reaction networks. The interplay of nonlinear
reactions facilitates the formation of activation patterns, which
enable a variety of dynamic structures across many length scales
to perform biochemical and mechanical tasks. From a materials
science point of view, guiding the self-organization of synthetic
building blocks by using such reaction networks is therefore a
powerful concept, as there are many fascinating properties of
biological systems that would be of interest to mimic.

To this end, we developed a versatile and tunable enzymatic
reaction network and introduced additional translational steps to
couple the molecular programmability to the material properties
of a colloidal system on the mesoscale. In the first step, we used
two different enzymatic reaction networks to amplify distinct
DNA linker strands, which are able to induce the selective
structure formation of DNA-coated colloids. By using transfor-
mation reactions, we introduced time delays between the two
linker-producing networks. The programmable time delays were
used to tune the time traces of the colloidal structure formation
and control the final colloidal composition within a multi-
component colloidal system. In the next step, we utilized the
autocatalytic amplification reaction to realize spatial propagation
of the primer DNA, which is, in contrast to passive diffusive
systems, driven by the speed of the enzymatic reaction. By using
linker-producing reactions, it is possible to realize the tunable
propagation of colloidal structure formation on a centimeter
length scale. Moreover, a localized transformation reaction was
harnessed to develop a colloidal system that can send primer
DNA as a chemical signal and induce colloidal structure forma-
tion and its subsequent propagation at a desired time and place.
Finally, we used the autocatalytic inhibition and degradation of
the primer strands provided by the molecular predator-prey
reaction to achieve autonomous and reversible linker production.
Therefore, it was possible to couple the oscillatory dynamics of
the primer DNA to colloidal structure formation on the
mesoscale.

The coupling of enzymatic reaction networks and mesoscopic
systems such as colloidal aggregation requires addressing a range
of challenges, such as matching the dynamics of the molecular
reactions and the colloidal system as well as disturbing inter-
ferences and the competing demands for stability and reversibility
of the involved DNA hybridization energies. For instance, auto-
catalytic amplification and inhibition reactions require low
interaction energies of rather short primer DNA strands to pre-
vent saturation of the DNA templates and the concomitant halt of
the reaction. However, longer linker strands with higher binding
affinities are required to drive the aggregation of micron-sized
colloids. To address these divergent demands, a separate linker-
producing reaction, which is activated by small primer strands,
needs to be introduced. This step must not interfere with the
primer pool to reproduce the dynamics of the primer con-
centration with the production of linker strands. In addition, the
linker strands need to be strong enough to induce colloidal
aggregation but weak enough to allow their disintegration, which
is mediated by the equilibration of the DNA concentration.

Since the length of the linker and the corresponding binding
affinity can be adapted to the application, the system has the
potential to be transferred to a variety of applications that rely on
DNA hybridization. Thus, it may prove to be useful to facilitate
the development of materials with dynamic and tunable pattern
formation to realize dynamic and autonomously acting materials.

Methods

Sample preparation. All experiments were performed at T = 46.5 °C in a reaction
buffer containing 20 mM Tris-HCI, 10 mM (NH4)2504, 10 mM KCl, 50 mM NaCl,
8 mM MgSO,, and 400 uM dANTP Mix (NEB) at a pH of 8.8. In addition, 0.1%
SynperonicF108 (Sigma Aldrich), 4 mM DTT, 100 ug/mL BSA (NEB), and 2 uM
netropsin (Sigma Aldrich) were used as stabilizing agents for the enzymatic reac-
tions. The extremely thermostable single-strand binding protein ETSSB (NEB) was
used at 10 ng/pL to prevent the formation of weak secondary structures of the DNA
species. The nicking enzyme Nb.Bsmi and the Bst. Polymerase large fragments
were obtained from New England Biolabs, and the exonuclease ttRec] (Thermus
Thermophilus) was purified in our laboratory. The nickase was used at 600 U/ml
and the exonuclease at 4.42 nM in all experiments unless otherwise specified. The
polymerase was used at 20 U/ml for the oscillating reactions (Fig. 4) and at 80 U/ml
in all experiments, as shown in Figs. 2 and 3. In addition, the T4 gene 32 protein
was used at 33 ug/ml to prevent an unintended side reaction (Fig. S8) leading to
exponential amplification of arbitrary DNA sequences. This reaction occurs for
long time periods in the presence of Bst. Polymerase and the nicking enzyme
Nb.Bsmi.

Colloidal functionalization. The streptavidin-coated colloids were functionalized
with biotinylated DNA to obtain particles with a double-stranded spacer and a
single-stranded end, which were monodisperse in solution and aggregated once the
complementary linker strand was present. We used 1 um paramagnetic and
streptavidin-coated microspheres (Dynabeads MyOne CI, Invitrogen). The colloids
were prepared by mixing 25 pL of colloids (10 mg/mL) with 5 uL of biotinylated
docking DNA (1.67 uM final concentration) and incubating them for 30 min at
room temperature. Afterward, they were washed three times with 100 pL of reac-
tion buffer (20 mM Tris-HCI, 10 mM (NH4)2S04, 10 mM KCI, 50 mM NaCl, and
8 mM MgSO4) mixed with 0.1% Pluronic F127 (Sigma Aldrich) and 1.67 uM
spacer DNA. After another incubation step of 15 minutes at room temperature
with continuous mixing, colloids were washed three times in the same buffer and
then used for the experiments. They were newly prepared every day. The experi-
ments, which were observed using confocal microscopy, were performed with 1 pm
fluorescent polystyrene microspheres (ex/em: 660/690 nm and ex/em: 480/520 nm)
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purchased from Bangs Laboratories. The microspheres (1% w/v) were functiona-
lized with biotinylated docking DNA for at least 12 h on a rotator at 4 °C, and the
washing steps were performed by centrifugation of the samples at 1200 relative

centrifugal force and replacement of the supernatant with the buffer solution. The
final colloidal solution was sonicated for 30 min to prevent nonspecific aggregation.

Microscopy experiments. Bright-field optical images and videos were obtained
using a Leica DMI6000B and an HCX PL APO 40x/1.25-0.75 oil CS objective. For
confocal microscopy, a Leica TCS SP5 was used with an HCX PL APO 63x/
1.40-0.60 oil CS objective. The samples were observed within homemade micro-
scopy chambers made of glass slides and single parafilm layers, which were cut to a
sample volume of ~10 pl. The chambers were sealed with vacuum grease to avoid
evaporation. The experiments in Fig. 3 were performed using the ibidi channel slide
u-Slide VI 0.1. Here, 15 pl of mineral oil was used for each reservoir to prevent
evaporation. The experiment in Fig. 3d was performed using 10 nM

epoly t to prevent an autocatalytic start of etoe. The microscopy chambers were
heated by a water-tempered copper chamber and objective warmer and calibrated
to 46.5 °C. The experiments in Fig. 4c (boxplots) were performed using a
thermocycler at constant working temperature and multiple identical samples. At a
desired point in time, they were transferred to heated observation chambers, and
images were taken after 10 min to observe structure formation.

Fluorescence spectroscopy. Fluorescence measurements were performed at 47 °C
using a SpectraMax M5 plate reader (Molecular Devices) and MICROPLATTE 384
WELL, PS, F-BODEN, uCLEAR® plates by Greiner Bio-One with a sample volume
of 15 pl, and an additional 10 pl of mineral oil was used to prevent evaporation
during the measurements. To visualize the production and degradation of the
oscillating network, the DNA intercalator EvaGreen (Biotium, ex/em: 500/530 nm)
was used undiluted at 1x concentration (stock concentration: 20x in water).

Data analysis. The average cluster size of the colloidal aggregates is determined by
thresholding the bright field images and excluding single particles to create a binary
image using the software tool to analyze particles of Image]. The obtained masks of
the colloidal aggregates were analyzed in terms of size and total amount.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Supplementary Information files.

Code availability

All codes generated in this study are provided in the Supplementary Information files.

Received: 17 March 2021; Accepted: 28 October 2021;
Published online: 23 November 2021

References

1. Glotzer, S. C., Solomon, M. J. & Kotov, N. A. Self-assembly: from nanoscale to
microscale colloids. AICKE J. 50, 2978-2985 (2004).

2. Khlebtsov, N. G., Dykman, L. A,, Krasnov, Y. M. & Mel'nikov, A. G. Light
absorption by the clusters of colloidal gold and silver particles formed during
slow and fast aggregation. Colloid J. 62, 765-779 (2000).

3. Cigler, P, Lytton-Jean, A. K., Anderson, D. G, Finn, M. G. & Park, S. Y. DNA-
controlled assembly of a NaTl lattice structure from gold nanoparticles and
protein nanoparticles. Nat. Mater. https://doi.org/10.1038/nmat2877 (2010).

4. Fan,]. A. et al. Self-assembled plasmonic nanoparticle clusters. Science https://
doi.org/10.1126/science.1187949 (2010).

5. Simmel, F. C. & Schulman, R. Self-organizing materials built with DNA. MRS
Bull. 42, 913-919 (2017).

6. Dehne, H., Hecht, F. M. & Bausch, A. R. The mechanical properties of
polymer—colloid hybrid hydrogels. Soft Matter 13, 4786-4790 (2017).

7. Kim, S.-H,, Lee, S. Y., Yang, S.-M. & Yi, G.-R. Self-assembled colloidal
structures for photonics. NPG Asia Mater. 3, 25-33 (2011).

8. Jian Zhu & Hersam, M. C. Assembly and electronic applications of colloidal
nanomaterials. Adv. Mater. 29, 1603895 (2017).

9. Wang, Y., Zhang, M., Lai, Y. & Chi, L. Advanced colloidal lithography: from
patterning to applications. Nano Today 22, 36-61 (2018).

10. Benjamin Rogers, W., Shih, W. M. & Manoharan, V. N. Using DNA to
program the self-assembly of colloidal nanoparticles and microparticles. Nat.
Rev. Mater. 1, 1-14 (2016).

11. Vinothan N. M. Colloidal matter: packing, geometry, and entropy. Science
https://doi.org/10.1126/science.1253751 (2015).

12. Vogel, N., Retsch, M., Fustin, C.-A., del Campo, A. & Jonas, U. Advances in
colloidal assembly: the design of structure and hierarchy in two and three
dimensions. Chem. Rev. 115, 6265-6311 (2015).

13. A. Toyotama, T. Okuzono & J. Yamanaka. Spontaneous formation of eutectic
crystal structures in binary and ternary charged colloids due to depletion
attraction. Sci Rep. 6, 1-9 (2016).

14. Lowensohn, J., Oyarzin, B., Narvaez Paliza, G., Mognetti, B. M. & Benjamin
Rogers, W. Linker-mediated phase behavior of DNA-coated colloids. Phys.
Rev. X 9, 41054 (2019).

15. Zadorin, A. S. et al. Synthesis and materialization of a reaction—diffusion
French flag pattern. Nat. Chem. 9, 990-996 (2017).

16. van Ravensteijn, Bas, G. P., Vilanova, N., de Feijter, I., Kegel, W. K. & Voets, .
K. Temperature-induced, selective assembly of supramolecular colloids in
water. ACS Omega 2, 1720-1730 (2017).

17. Lowensohn, J., Hensley, A., Perlow-Zelman, M. & Rogers, W. B. Self-assembly
and crystallization of DNA-coated colloids via linker-encoded interactions.
Langmuir: ACS J. Surf. colloids 36, 7100-7108 (2020).

18. Angioletti-Uberti, S., Varilly, P., Mognetti, B. M. & Frenkel, D. Mobile linkers
on DNA-coated colloids: valency without patches. Phys. Rev. Lett. 113, 128303
(2014).

19. Park, S. Y. et al. DNA-programmable nanoparticle crystallization. Nature 451,
553-556 (2008).

20. Wang, Y. et al. Crystallization of DNA-coated colloids. Nat. Commun. 6, 7253
(2015).

21. Y. Wang, L. C. Jenkins, J. T. McGinley, T. Sinno & J. C. Crocker. Colloidal
crystals with diamond symmetry at optical lengthscales. Nat Commun 8, 1-8
(2017).

22. McGinley, J. T., Wang, Y., Jenkins, I. C,, Sinno, T. & Crocker, J. C. Crystal-
templated colloidal clusters exhibit directional DNA interactions. ACS Nano 9,
10817-10825 (2015).

23. Valignat, M. P, Theodoly, O., Crocker, J. C., Russel, W. B. & Chaikin, P. M.
Reversible self-assembly and directed assembly of DNA-linked micrometer-
sized colloids. Proc. Natl Acad. Sci. USA https://doi.org/10.1073/
pnas.0500507102 (2005).

24. Gines, G. et al. Microscopic agents programmed by DNA circuits. Nat.
Nanotechnol. 12, 351-359 (2017).

25. H. Dehne, A. Reitenbach & A. R. Bausch. Transient self-organisation of DNA
coated colloids directed by enzymatic reactions. Sci Rep 9, 1-9 (2019).

26. von Maltzahn, G. et al. Nanoparticle self-assembly directed by antagonistic
kinase and phosphatase activities. Adv. Mater. 19, 3579-3583 (2007).

27. Deng, J. & Walther, A. ATP-powered molecular recognition to engineer
transient multivalency and self-sorting 4D hierarchical systems. Nat.
Commun. 11, 3658 (2020).

28. Stricker, J. et al. A fast, robust and tunable synthetic gene oscillator. Nature
456, 516-519 (2008).

29. van Ravensteijn, Bas, G. P., Voets, I. K., Kegel, W. K. & Eelkema, R. Out-of-
equilibrium colloidal assembly driven by chemical reaction networks.
Langmuir 36, 10639-10656 (2020).

30. Weitz, M. et al. Diversity in the dynamical behaviour of a compartmentalized
programmable biochemical oscillator. Nat. Chem. 6, 295-302 (2014).

31. Boekhoven, J., Hendriksen, W. E., Koper, G. J., Eelkema, R. & van, E. J. H.
Transient assembly of active materials fueled by a chemical reaction. Science
https://doi.org/10.1126/science.aac6103 (2015).

32. Baccouche, A., Montagne, K., Padirac, A., Fujii, T. & Rondelez, Y. Dynamic
DNA-toolbox reaction circuits: a walkthrough. Methods 67, 234-249 (2014).

33. Montagne, K., Plasson, R., Sakai, Y., Fujii, T. & Rondelez, Y. Programming an
in vitro DNA oscillator using a molecular networking strategy. Mol. Syst. Biol.
7, 476 (2011).

34. Padirac, A., Fujii, T. & Rondelez, Y. Bottom-up construction of in vitro
switchable memories. Proc. Natl Acad. Sci. USA 109, E3212-E3220 (2012).

35. Zadorin, A. S., Rondelez, Y., Galas, J.-C. & Estevez-Torres, A. Synthesis of
programmable reaction-diffusion fronts using DNA catalyzers. Phys. Rev. Lett.
114, 68301 (2015).

36. Padirac, A., Fujii, T., Estévez-Torres, A. & Rondelez, Y. Spatial waves in
synthetic biochemical networks. J. Am. Chem. Soc. 135, 14586-14592 (2013).

37. Gelens, L., Anderson, G. A. & Ferrell, ]. E. Spatial trigger waves: positive
feedback gets you a long way. Mol. Biol. Cell 25, 3486-3493 (2014).

38. Fujii, T. & Rondelez, Y. Predator-prey molecular ecosystems. ACS Nano 7,
27-34 (2013).

39. Kinoshita, S. Pattern Formations and Oscillatory Phenomena (Elsevier, 2013).

Acknowledgements

We thank Fritz Simmel for helpful discussions. We gratefully acknowledge the financial
support of the Deutsche Forschungsgemeinschaft (DFG) through Project ID
201269156-SFB 1032. We gratefully acknowledge funding by the Bavarian Ministry of
Science and the Arts through the ONE MUNICH Project “Munich Multiscale
Biofabrication”.

8 | (2021)12:6811| https://doi.org /10.1038/541467-021-27016-x | www.nature.com/naturecommunications


https://doi.org/10.1038/nmat2877
https://doi.org/10.1126/science.1187949
https://doi.org/10.1126/science.1187949
https://doi.org/10.1126/science.1253751
https://doi.org/10.1073/pnas.0500507102
https://doi.org/10.1073/pnas.0500507102
https://doi.org/10.1126/science.aac6103
www.nature.com/naturecommunications

ARTICLE

Author contributions

A.RB and H.D. designed the experimental system. H.D. developed the colloidal systems
and reaction networks, analyzed the data, and performed simulations. Experiments were
performed by H. D and A.R,, A.R.B. and H.D. wrote the paper and A.R.B. supervised the
research.

Funding
Open Access funding enabled and organized by Projekt DEAL..

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27016-x.

Correspondence and requests for materials should be addressed to A. R. Bausch.

Peer review information Nature Communications thanks Yoel Ohayon, and the other,
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:6811] https://doi.org/10.1038/s41467-021-27016-x | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-021-27016-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Reversible and spatiotemporal control of colloidal structure formation
	Results
	Controlling the colloidal composition starting from homogenous conditions
	Molecular communication and traveling aggregation fronts
	Oscillatory structure formation

	Discussion
	Methods
	Sample preparation
	Colloidal functionalization
	Microscopy experiments
	Fluorescence spectroscopy
	Data analysis

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




