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materials. Here, we report the coupling of an antagonistic enzymatic reaction of RNA polymerisation
and degradation to the aggregation of micron sized DNA coated colloids into fractal structures. A
transient colloidal aggregation process is controlled by competing reactions of RNA synthesis of linker
strands by a RNA polymerase and their degradation by a ribonuclease. By limiting the energy supply
(NTP) of the enzymatic reactions, colloidal clusters form and subsequently disintegrate without

the need of external stimuli. Here, the autonomous colloidal aggregation and disintegration can be
modulated in terms of lifetime and cluster size. By restricting the enzyme activity locally, a directed
spatial propagation of a colloidal aggregation and disintegration front is realised.

Self-assembly of colloidal particles is a powerful concept to build functional materials'~°. The resulting prop-
erties can be tuned by the choice of the single building blocks and their interactions''~'”. DNA coated colloids
have proven to be well suitable, as the programmability and specificity of their interactions allow a fine control
of the formation of a diverse set of structures'®>’. At high interaction energies amorphous gel like structures can
be tightly controlled by fine tuning the kinetic pathways leading to the dynamic arrest*%". In multicomponent
systems, the interactions can be activated at different stages, which leads to the formation of scaffolds, able to
guide the subsequent aggregation processes and thereby to the formation of higher hierarchical structures?. The
DNA functionalised colloidal structures realized until now have in common that the finally formed structures are
stable and static in time.

One approach to control the time course of colloidal aggregation is the use of external stimuli, which has been
realized by controlling phosphorylation/dephosphorylation reactions® or temperature shifts***!. The dynamic
transition from colloidal aggregation to disintegration in time without external intervention, requires a precise
control of the underlying reaction kinetics. Such transient and autonomous control of colloidal aggregation has
been realized by tuning the hydrophobicity of single building blocks with a simultaneous limited energy supply*~
In this promising approach, the transient switch between colloidal aggregation and disintegration was achieved
without external stimuli, yet lacks the selectivity of DNA hybridisation. For polymeric gels external control and
autonomous structure formation processes have already been shown to be a promising route for the formation
of active materials with unique properties®**-*. The coupling of the selectivity and the dynamic control of DNA
hybridisation of colloidal interactions would open up a new set of autonomously responding material classes,
with the potential of hierarchical structure formation starting from the micron-scale.

Here, we present the realization of an autonomous transient colloidal aggregation of DNA coated colloids
driven by competing enzymatic reactions (Fig. 1). The enzyme T7 Polymerase is used to synthesize RNA-linker
strands to induce the specific aggregation of micron sized colloidal particles (S1). A double-stranded DNA
sequence is used as a template strand for the RNA-linker and the reaction is driven by NTP. The subsequent
disintegration of the colloids is realised by the presence of the ribonuclease RNaseH. It degrades the RNA-linker
strands once hybridized with DNA. By tuning the enzymatic kinetics, we can control the transient nature of the
aggregation and subsequent disintegration process without external intervention during the structure formation
process. The modulation of local enzyme activity leads to a spatiotemporal control of the autonomous transient
structure formation process.
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Figure 1. Colloidal structure formation coupled to enzymatic reactions. 1 pm sized polystyrene colloids

are functionalized with two sorts of ssDNA docking strands and can be distinguished via fluorescence. The
structure formation is induced by complementary RNA-linker strands which link the two different species

of colloids. The production of the RNA-linker is realised using a T7 Polymerase under use of free dsDNA
templates and N'TPs in solution. The disintegration process of the so formed colloidal clusters is achieved by the
activity of the ribonuclease RNaseH, which degrades the RNA-linkers once bound to DNA.
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Figure 2. Colloidal aggregation induced by RNA production. (a) The RNA production was measured over
time. Here, the T7 polymerase and the DNA template concentrations were kept constant while the fuel NTP was
varied. A linear production rate in the nanomolar range can be observed over three hours of polymerisation.
The dashed lines represent linear fits, which obey a linear dependency. The RNA concentration is visualised
by the DNA/RNA intercalator SyGr II and can be converted into the effective RNA concentration (S2).

The decrease of the signal in the beginning is due to the heating of the chamber, because the dye is more
fluorescent at room temperature. (b) The NTP dependent RNA production is transferred to the colloids and
monitored using bright field microscopy. The structure formation is depicted after one hour, showing that the
enzymatic reaction of the RNA linker strands indeed induces the colloidal aggregation. The average cluster
size was determined in a.U. using image analysis and rises with the NTP concentration (26, 53 and 112 a.U,,
respectively).

Results

Colloidal aggregation. As a first step, the colloidal aggregation was coupled to the enzymatic reaction.
Therefore, we monitored the production of RNA-linker using fluorescence spectroscopy (Fig. 2a). A constant pro-
duction rate of the RNA-linker can be measured over three hours of polymerisation. The production speed can be
tuned by varying the NTP concentration and increases linearly with the NTP concentration (S3). In a next step,
we added the binary mixture of DNA functionalized colloids to solutions with different NTP dependent RNA
productions. We imaged the colloidal structure formation after one hour of RNA polymerisation (Fig. 2b). The
size of the colloidal aggregates increases successively with the NTP concentration, as a result of the RNA produc-
tion speed. At low concentration of NTP (25uM) the aggregation speed is slowed down and the arising clusters
consist of just a few colloids. In contrast, high NTP concentrations (100 uM) result in colloidal clusters with the
size of several 100 pm. Thus, we managed to control the speed of colloidal aggregation, by tuning the enzymatic
production of RNA-linker. Additional experiments were performed for different NTP concentrations, proving the
control of colloidal aggregation speed by measuring the cluster size over time (S4).
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Figure 3. Optical properties of the colloidal solution. (a) Colloids are illuminated by a green 1 mW laser beam.
The sample containing monodispersed colloids absorbs the laser beam, which can be seen by the outline of

the sample holder (red dotted line) on the detection wall. The colloidal volume fraction is too high and causes
absorption and scattering of the light beam. (b) In contrast, the colloidal gelation leads to the transmission of
the laser beam. Here, huge volume fractions arise, where no colloids are present.
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Figure 4. Colloidal disintegration. The colloidal aggregation is induced by the addition of 100 nM RNA-linker
strands. The complete disintegration of the colloidal structures was realised using a RNaseH concentration of
0.1 U/pl. The cluster size decreased from 103 a.U. to 24 a.U. within 30 min.

It is important to mention, that the control of speed can only be achieved for production rates below a certain
production rate (~10 nM/min). Above this speed, the polymerase produces a sufficient amount of RNA (>50nM)
to enable optimal aggregation conditions in just a few minutes. Here, the speed of the aggregation process is only
limited by the diffusion of the colloids and further increase of RNA-linker does not result in enhanced aggrega-
tion speed. Additionally, we used confocal microscopy to prove the selectivity of the RNA-linker caused by the
DNA/RNA hybridisation (S5). Aggregation can only be observed, when both species of the DNA functionalised
colloids are present. Since the different colloidal species can be distinguished by their fluorescence, the binding of
colloidal species among themselves can be excluded.

Finally, we show that the aggregation of the colloids is also able to tune optical properties of the solution.
Therefore, we illuminated a sample with a green laser before and after the enzymatic induced clustering. The
monodisperse colloids absorb and scatter the laser light, which can be seen by the outline of the sample holder.
After the aggregation of colloids takes place, the colloidal solution gets transparent for the laser light. Here, huge
volume fractions arise, where almost no colloid is present and the light is able to pass (Fig. 3).

Colloidal disintegration. In a next step, we test the enzymatic disintegration of the colloidal clusters by
fragmenting the RNA-linker strands using the enzyme RNaseH. Pre-built RNA-linker (100 nM) were added to
a colloidal solution containing 0.1 U/pl of RNaseH. After the structure formation was completed (20 min), the
disassembly of the structures was observed within 30 min (Fig. 4). Also colloidal gels formed by the enzymatic
RNA-linker production of the T7-polymerase were disintegrated in this time period (S6).

Autonomous transient structure formation. Finally, we aimed to create an autonomously aggregating
colloidal system, which exhibits a transient cluster aggregation without external intervention. Therefore, we had
to identify the underlying kinetic parameters of the enzymatic reaction precisely. We assume that the system
consists of a linear production and a linear degradation reaction. The speed of production depends on the con-
centration of T7-Polymerase (T7), the double-stranded DNA template (Temp) and the substrate NTP, while the
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Figure 5. Transient RNA production. (a) The RNA production and degradation are linear reactions. In the
absence of degradation, a linear production is achieved (blue curve). Adding a degradation term, results in a
steady state were production and degradation equilibrates. The dashed lines represent the calculations obtained
from eq. 1. (b) To realise a transient behaviour with linear equations, fuel (NTP) consumption is necessary to
reduce the production rate over time. The blue line shows the RNA production with a limited reservoir of NTP.
Limited production and an additional degradation can be seen by the red lines. Here, transient behaviour can
be observed, which can be controlled by varying the RNaseH concentration. The corresponding dashed lines
represent the calculations obtained from eq. 2, which takes the fuel consumption into account. The black dashed
line depicts the pure production without fuel consumption (eq. 1) and fits well with the production curve in the
first 10 minutes.

degradation depends on the concentration of RNaseH and the total amount of RNA. By that, the enzymatic reac-
tion can be described by Michaelis-Menten-Kinetics.

% =kl * T7 * Temp * NTP — k2 * RNaseH * [RNA] )
With k1 and k2 the rates of production and degradation, respectively. The rate of production was obtained
experimentally from fluorescence measurements in the absence of RNaseH (S3). Here, the T7 and NTP concen-
trations were varied separately while the template concentration was kept constant in all experiments. Figure 5a
depicts the time dependence of the RNA concentration for a fixed RNA production speed and different RNaseH
concentration (0 to 0.5 U/pl) according to eq. 1. As expected, the presence of RNaseH does lead to an effectively
slower production rate, which equilibrates to a steady state, but does not show transient behaviour. In this setup,
an autonomous transient RNA “pulse” can only be realised by the depletion of the NTP pool. Here, the consump-
tion of the substrate reduces the production rate continuously. This is achieved, once the T7 enzyme concentra-
tion is sufficiently higher than the substrate concentration. Experiments were performed to identify the optimal
relation between T7 polymerase and NTP concentration, which shows the reduction of RNA production (Fig. 5b,
blue curve) without RNaseH. The comparison of the measurements and the simulations obtained from eq. 1
(black dotted line) reveals the influence of the NTP consumption. Thus, eq. 1 can be expanded with the following
NTP consumption term.
d[NTP]

— = —k3 % [NTP] * T7 * Temp @)

Here, the rate k3 represents the amount of nucleotides used to build one RNA strand. This set of equations nicely
describes the observed behaviour. The addition of degradation reactions to such a limited RNA production
leads then to a transient behaviour which can be controlled by the concentration of RNaseH (Fig. 5b, red curve).
However, for higher RNaseH concentrations, a deviation compared to the simulations can be seen. This is pos-
sibly caused by interactions of small and less fluorescent RNA fragments or monomers, which result from the
degradation process.

Subsequently, we coupled the colloidal system to the enzymatic reaction conditions of the transient RNA pulse
(0.19 U/ul RNaseH). As a result, we were able to observe the transient aggregation of the colloids without external
stimuli (Fig. 6). The aggregation is initiated from the very beginning and has a lifetime of around two hours. Thus,
the colloidal aggregation matches very well with the corresponding RNA concentration profile (Fig. 5b).

Tuning the Transient structure formation. The direct dependency of the colloidal structure formation and the
enzymatic reaction enables a further temporal control of the transient aggregation. To this end, we used the
obtained parameter dependencies of the RNA pulses (Fig. 5b) and increased the RNaseH concentration, while
the production rate and substrate concentration were kept constant. Image analysis was performed to quantify the
lifetime and the average aggregation size of the structure formation over time (Fig. 7a). As expected, the lifetime
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Figure 6. Transient colloidal structure formation. Colloidal structure formation is induced using the enzymatic
setup of Fig. 5b (0.19 U/ul RNaseH). The structure formation starts after several minutes and reaches its
peak after one hour of polymerisation. The aggregation is followed by a disintegration, which is completed in

approximately two hours.
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Figure 7. Controlling the colloidal structure formation. (a) The transient structure formation is controlled

in terms of lifetime and cluster size by varying the enzymatic reactions. Here, the RNA production was kept
constant, while the degradation was increased. (b) The maximal cluster size decreases with increasing RNaseH
concentration. (c) The time at which the maximal cluster size occurs shortens with increasing RNaseH
concentration. (d,e) Bright field images of the maximal cluster size for the shortest and the longest pulse,
respectively.

of the colloidal aggregates can be tuned and increases successively (70 to 150 min) with decreasing RNaseH con-
centration. The total cluster size is directly associated to the lifetime, because of the longer aggregation time and
increases from approximately 20 to 60 pm in diameter (Fig. 7b,d,e). It is noticeable, that the resulting colloidal
aggregation pulses behave similar in the first 30 min. Here, the kinetics are dominated by the RNA production
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Figure 8. Controlling transient colloidal structure formation by hierarchical hybridisation reactions. (a) The
transient RNA production (blue line) has a fast initial phase and is followed by a relative slow degradation.
Adding a complementary RNA to the system (here 50 nM) reduces the unbound RNA, which is potentially
able to link colloids (green line) (b). Comparison of the transient structure formation with and without
complementary RNA. The complementary RNA-linker acts like an aggregation threshold and delays the
aggregation and accelerates the disintegration.

rate. In contrast, the initiation of degradation is delayed by the lower RNaseH concentrations (Fig. 7¢). Further
experiments were performed keeping the enzymes constant while varying the NTP pool (S7). Also, these samples
showed transient clustering behaviour, but did not facilitate the sensitive tuning of lifetime and cluster size.

Tuning the transient structure formation by competing hybridisation reactions. Here, we harness the selec-
tivity of DNA/RNA hybridisation to tune the colloidal aggregation using competing hybridisation reactions.
RNA strands, which are fully complementary to the RNA-linker were added freely to the solution. The pro-
duced RNA-linkers first bind to the free complementary RNA strands because of the high affinity. The overlap
of the RNA-linker to each DNA sequence of the beads is only half the length and has by that a lower affinity.
Additionally, the RNA/RNA duplex is protected from degradation, because the RNaseH is only able to degrade
RNA when it’s bound to DNA. Accordingly, more RNA-linker than free complementary RNA has to be produced,
until the colloidal aggregation initiates. Thus, the added complementary RNA acts like an aggregation threshold.
By using this threshold, the shape of the “effective” single-stranded RNA-linker can be tuned, here demonstrated
for the transient RNA pulse (Fig. 8a). This setup was also coupled to the colloidal system (Fig. 8b). The colloidal
clustering is delayed by around 10 minutes and the effective disintegration process is much faster. Just a few
minutes are required and a very abrupt initiation can be observed. This can be explained by the properties of the
underlying RNA pulse. It is characterised by a relative fast production and a subsequent slow degradation phase.
Consequently, the threshold has just a small influence at the fast initial phase of RNA synthesis. The amount of
effective RNA, which is necessary for the aggregation, is reached within a few minutes. However, the time delay
until the effective RNA is below a critical concentration leading to disintegration is significant.

Spatial control of colloidal aggregation. ~ For the realisation of a spatial control of the structure formation process,
we constructed a microfluidic chamber, in which the template strands were immobilized to confined areas on
a cover glass in order to restrict the RNA production locally (Fig. 9a). As a consequence, the propagation of a
colloidal aggregation front can be detected after the initiation of RNA polymerisation (Fig. 9b). The velocity of
this aggregation is set by the diffusion of the newly synthesised RNA strands. At relatively high production rates,
a homogenous aggregation near the production reservoir occurs in the field of view, indicating that the RNA
gradient and the associated diffusion is high compared to the aggregation time. Applying the above characterised
conditions of a transient RNA pulse to this diffusion chamber leads to an aggregation, which is followed by a
disintegration front. It is noticeable that the disintegration front is traveling away from the production source
(Fig. 9¢). In general, a local produced RNA is diffusing into the channel, while the degradation takes place glob-
ally. Therefore, it is expected that the RNA concentration is always decreasing with respect to the RNA source.
Consequently, the aggregation should propagate into the channel followed by a degradation in the backwards
direction in contrast to the observed forward direction. Simple simulations show under all reasonable param-
eters the backwards RNA degradation leading to the backwards colloidal disintegration (S8a,c). Thus, a direct
transfer of RNA concentration to colloidal aggregation is not sufficient. Additional control experiments were
performed, demonstrating that colloids have a reduced affinity after aggregation and disintegration (S9). This
can be explained, by the operation of RNaseH, which is just able to degrade RNA when it’s bound to DNA. It is
important to realize, that most of the RNA-linkers do not bind two colloids together but decorate the free surfaces
of the colloids. Once these complementary parts of the RNA-linkers are degraded, the remaining RNA is free to
bind to the colloidal DNA again, effectively blocking remaining full length linker strands from bridging between
two types of colloids. Computing the equilibration of all competing DNA/RNA hybridisation reactions confirm
that the temporary by-products result in a reduction of the colloidal DNA - linker complex (S10). Consequently,
the colloids have a “history” of aggregation, resulting in a temporary reduced affinity. Expanding the simulation
with this reduced binding shows the forward propagation of a colloidal disintegration front, as observed in the
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Figure 9. Propagation of aggregation front. (a) The reservoir of the diffusion chamber is functionalised

with DNA Templates. By that, the RNA production is restricted locally, while the degradation takes place
globally. The aggregation was analysed at different positions (distance 400 pm) in the diffusion channel. (b)
RNA is produced locally at the reservoir and diffuses into the channel, resulting in an aggregation front,

which propagates into the channel. (¢) Using the enzymatic conditions of a transient RNA pulse leads to an
aggregation, which starts almost simultaneously for both positions. Here, the disintegration starts at position 1
and propagates along the channel.

experiments (S8b). The aggregation is moving through the channel and is followed by a disintegration front,
resulting in a “traveling wave” of aggregation.

The presented approach allows the dynamic control of colloidal structure formation by enzymatic reactions,
based on the well-established biochemical toolbox readily available for the manipulation of DNA molecules.
Here, the fine control of colloidal interactions allows the tuning of the colloidal structure formation in terms of
lifetime and total cluster size. Additionally, the hierarchical organisation of the reactions are a promising pathway
to extend the system to a multi-species system and enable hierarchical guided assembly. It is straight forward to
use the enzymatic setup for colloidal systems with different DNA sequences. The length of the DNA as well as the
density on the colloids can be varied and result in different strengths of the colloidal interactions. Consequently,
the approach is also accessible for colloidal systems with different sizes and materials. As the material properties
of the colloidal aggregates are mainly defined by the properties of the single building blocks, many different appli-
cations can be addressed, such as biosensors by using plasmonic gold nanoparticles®®*. Especially the transient
control of colloidal organisation may proof to be useful to facilitate the development of active and autonomously
acting materials.

Methods

DNA coating and sample preparation.  Fluorescent, streptavidin coated microspheres (Polysciences) with a
diameter of 1 pm were functionalized with 1.7 uM of biotinylated DNA strands (biomers) for at least 6 hours and
washed by centrifugation (6000 rcf) afterwards. The sequences of this constructs are: Docking A: 5-CCACACCAACCAAC-
3’- biotin and Docking B: biotin -5-ACTTACTATATAAC-3'. The sequence of the dsSDNA Template is: 5'-CACCCA
CCCACACCAACCAACAAAACTTACTATATAACCCCTATAGTGAGTCGTATTAG-3' and the complementary
part: 5-CTAATACGACTCACTATAGGGGTTATATAGTAAGTTTTGTTGGTTGGTGTGGGTGGGTG-3' - (bio-
tin) with an optional biotin modification for the functionalisation of the coverslides used in the diffusion experiments.
The linker AB sequence is: 5-GTTGGTTGGTGTGGGTGGGTGTTTGTTATATAGTAAGT-3' and the complemen-
tary RNA used in the threshold experiments is: 5- ACUUACUAUAUAACAAACACCCACCCACACCAACCAAC-3'.
All proteins (ThermoFisher Scientific) were used undiluted at their stock solution: RNaseH (5 U/uL) and T7 RNA
Polymerase (200 U/uL). The colloidal aggregation experiments were performed with a total concentration of 30 mM
MgCl, for the optimal activity of T7 RNA Polymerase and 450 mM sucrose to avoid the sedimentation of the colloids.
The colloids were used at 0.15 vol.-% and 5 mg/ml BSA was used to avoid the stickiness of the glass surface. The working
temperature was T = 37°C for all experiments. Therefore, an IBIDI heating-chamber and a copper objective warmer
was used. For the diffusion experiments, parafilm was cutted in the shape shown in Fig. 9a using a laser cutter. The
reservoir was functionalised with biotinylated templates using BSA-Biotin and streptavidin.
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Microscopy and fluorescence spectroscopy. 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 the confocal microscopy, a Leica TCS SP5
was used and a HCX PL APO 63x/1.40-0.60 oil CS objective. The fluorescence measurements were performed using
a Jasco Spectrofluorometer FP-8500 and the DNA/RNA intercalator SyBr GreenlI. The fluorescence signal (a.U.) is
transferred to the total RNA concentration. To this end, the minimum of the signal during the RNA production was
determined and computed to be the DNA template concentration in solution, because at this time point no RNA was
produced so far. This calibration allows a direct conversion of the fluorescence signal to the DNA concentration. In con-
trol measurements we confirmed the linear relation between fluorescence signal and DNA concentration up to 10 .M.

Data analysis and computer simulation. The average cluster size of the colloidal aggregates is deter-
mined by thresholding the bright field images to create a binary image. The obtained masks of the colloidal aggre-
gates were analysed in terms of size and total amount. The simulations were performed in rectangular matrices
using periodic boundary conditions for the colloids and repulsive boundary conditions for the RNA. Differential
equation (eq. 2) were used to calculate the RNA production and degradation and the diffusion was simulated by
using a gaussian-filter function.
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