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ABSTRACT: Stem cells exhibit prominent clusters controlling the
transcription of genes into RNA. These clusters form by a phase-
separation mechanism, and their size and shape are controlled via an
amphiphilic effect of transcribed genes. Here, we construct amphiphile-
nanomotifs purely from DNA, and we achieve similar size and shape
control for phase-separated droplets formed from fully synthetic, self-
interacting DNA-nanomotifs. Increasing amphiphile concentrations induce
rounding of droplets, prevent droplet fusion, and, at high concentrations,
cause full dispersal of droplets. Super-resolution microscopy data obtained
from zebrafish embryo stem cells reveal a comparable transition for
transcriptional clusters with increasing transcription levels. Brownian
dynamics and lattice simulations further confirm that the addition of
amphiphilic particles is sufficient to explain the observed changes in shape and size. Our work reproduces key aspects of
transcriptional cluster formation in biological cells using relatively simple DNA sequence-programmable nanostructures, opening
novel ways to control the mesoscopic organization of synthetic nanomaterials.
KEYWORDS: DNA nanotechnology, Cell nucleus, Synthetic biology, Phase separation, Biomolecular condensates, Microemulsion

Biological cells need to compartmentalize their molecular
components to ensure their proper function. Conven-

tionally, such compartmentalization is attributed to cellular
organelles that are enclosed by membranes. More recently,
processes based on liquid−liquid phase separation (LLPS)
resulting from transient interactions were implicated in
subcellular compartmentalization in biomolecular conden-
sates.1−3 The transfer of biologically inspired compartmental-
ization via LLPS into biomimetic and synthetic systems yields
remarkable design possibilities and performance increase.4 One
example, a recently developed platform for fully programmable,
multispecies phase separation is now available via DNA-
nanomotifs, whose interactions are based on homology of
”sticky ends” of exposed, self-complementary single-stranded
DNA.5,6 This platform has enabled the construction of a
synthetic DNA segregation module that mimics chromosome
separation during mitosis.7 Embedding into DNA-nanomotif
condensates has also allowed the combinatorial detection of
tumor biomarkers and up to 20-fold acceleration of DNA-
based logic gates.8,9

Condensates formed by canonical LLPS, commonly referred
to as droplets, coarsen into increasingly larger droplets over
time, whereas intracellular condensates are typically size-
limited, or, in a state of microphase separation.3,10,11 Size-
limited condensates can be established and maintained by
different physical mechanisms, including active reaction

processes,12,13 targeted removal of aged condensates,14 or by
provision of pinning centers at which condensates are
localized.15,16 Most commonly, however, microphase separa-
tion is attained by the addition of amphiphilic particles
characterized by a dual affinity for two separating particle
species.17 Size-control by amphiphiles can be seen in several
biological example cases.18−20 A particularly well-studied case
is the compartmentalization of transcription inside of the cell
nucleus. One prominent example is RNA polymerase II (Pol
II), the enzyme complex responsible for transcribing most
eukaryotic genes, which acts as a bivalent connecting particle
between microphase-separated domains enriched in either
DNA or RNA.21−26 An amphiphilic effect of ongoing
transcription can also be seen by super-resolution microscopy
of clusters of transcriptional machinery in stem cells.27,28 These
clusters form by a phase-separation mechanism29−36 and
unfold or even split into smaller clusters when they are
engaged by genes that undergo transcriptional activation.27,37

This effect can be reproduced in detail by a polymer model, in

Received: April 6, 2023
Revised: July 28, 2023
Published: August 16, 2023

Letterpubs.acs.org/NanoLett

© 2023 The Authors. Published by
American Chemical Society

7815
https://doi.org/10.1021/acs.nanolett.3c01301

Nano Lett. 2023, 23, 7815−7824

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xenia+Tschurikow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+Gadzekpo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mai+P.+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rakesh+Chatterjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcel+Sobucki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasily+Zaburdaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasily+Zaburdaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kerstin+Go%CC%88pfrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lennart+Hilbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c01301&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01301?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01301?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01301?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01301?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01301?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/17?ref=pdf
https://pubs.acs.org/toc/nalefd/23/17?ref=pdf
https://pubs.acs.org/toc/nalefd/23/17?ref=pdf
https://pubs.acs.org/toc/nalefd/23/17?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


which transcribed genes are described as amphiphiles that
associate with transcriptional clusters that, in turn, form by a
liquid condensation mechanism.27 Here, we extend the
synthetic DNA-nanomotif droplet platform by amphiphile-
motifs and show that the effect of these amphiphile-motifs
closely resembles key features of the dispersal of embryonic
transcriptional clusters.
Dispersal of RNA Polymerase II Clusters by an

Amphiphilic Effect of Transcribed Genes. To allow for
the comparison of the effect of DNA-based amphiphiles
against a biological model system, we first characterize how
transcriptional clusters are affected by the amphiphilic effects
exerted by the transcribed genes. In the zebrafish embryo, for a

number of genes, transient visits to especially long-lived and
prominent transcriptional clusters occur, which are tightly
coupled with the transcriptional control of these genes by so-
called “super-enhancers”.27,28,37 As genes engage with tran-
scriptional clusters and transcript elongation begins, transcrip-
tional clusters unfold or even split into multiple parts (Figure
1A). This effect has been attributed to an amphiphilic property
of genes that undergo activation in association with these
prominent transcriptional clusters: while these genes exhibit an
increased tendency to associate with transcriptional clusters,
the beginning of transcript elongation additionally drives the
exclusion of these genes from the transcriptional cluster.37

Figure 1. Transcribed genes act as amphiphile-like complexes that mediate the dispersal of RNA polymerase II clusters in nuclei of pluripotent
zebrafish embryos. A) Illustration of the formation of clusters of recruited RNA polymerase II at super-enhancer regions of the genome and
dispersal of clusters by an amphiphilic effect of transcribed genes. B) Representative three-color micrograph of an optical section through the
middle of a cell nucleus in a pluripotent zebrafish embryo (sphere stage of development). Image data obtained by instant-SIM microscopy, color
channels show DNA (Hoechst 33342), recruited RNA polymerase II (Pol II S5P, labeled by indirect immunofluorescence), and elongating RNA
polymerase II (Pol II S2P, indirect immunofluorescence). C) Detail views of clusters of recruited RNA polymerase II, showing only the Pol II S5P
and Pol II S2P channels. Segmentation was carried out in the Pol II S5P channel, as indicated in the top row. Sphericity was obtained from
threshold-based segmentation of Pol II S5P clusters, S2P Int. refers to the mean intensity in the Pol II S2P channel, normalized by the median
intensity of the nucleus that the cluster is contained in. D) Per-bin calculation of the percentage of large clusters in a given bin (volumes of 0.08
μm3 or more, mean with 95% bootstrap confidence interval, data obtained from 99 nuclei pooled from 8 embryos). E) Segmented clusters were
binned according to Pol II S2P intensity to generate sphericity-volume distributions. The percentage in red indicates binned clusters with volume
≥0.08 μm3 and sphericity ≥0.1 (red box).
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To obtain a fine-grained assessment of how increasing
transcription levels relate to the dispersal of transcriptional
clusters in zebrafish embryos, we labeled different regulatory
states of Pol II by immunofluorescence. Recruited RNA
polymerase II, which serves as a label for transcriptional
clusters, can be detected via a specific phosphorylation mark of
the RNA polymerase II C-terminal domain (Pol II S5P, Figure
1B). A different phosphorylation mark (Pol II S2P) can be
used to detect currently elongating Pol II, which serves as an
indicator of ongoing transcript elongation (Figure 1B).
Fluorescence images recorded by instant-SIM super-resolution

confocal microscopy38 revealed that the prominent Pol II S5P
clusters were more unfolded and dispersed with higher levels
of ongoing transcript elongation (Figure 1C). Assessing the
fraction of large clusters at a given Pol II S2P level
substantiates the impression that more large clusters occur at
intermediate levels of transcript elongation (Pol II Ser2P
intensity 1−1.4), and clusters disperse at high levels of
transcript elongation (intensity >1.4) (Figure 1D). Quantifying
the degree of unfolding via the sphericity of the Pol II S5P
clusters also supports the impression that higher Pol II S2P
levels correlate with a less spherical shape of the Pol II S5P

Figure 2. Amphiphiles for the dispersal of droplets formed from synthetic DNA-nanomotifs. A) Illustration of nanomotifs obtained by annealing of
single DNA-oligomers, which consist of a 34 nt long core-structure, binding their neighboring strands, and an 8 nt long palindromic sticky end
sequence. Amphiphile-motifs are generated by adding a repulsive extension to one vacant end of of a six-ended star motif. Y-motifs form phase-
separated droplets due to the self-affinity established by sticky ends, which become dispersed upon the addition of amphiphile-motifs. B)
Representative micrographs of Y-motif droplets in the presence of amphiphile-motifs. The negative charge is added via phosphate conjugation or
the extension of one vacant end of the star-motif by 102 thymines (poly-T extension). Images are single confocal sections. C) Normalized
histogram showing the size distribution of droplets with added control motifs, phosphate extension, or poly-T-extension. D) Illustration of the
charge-canceling effect from adding 10 nt long poly-A blockers. E) Representative micrographs show single confocal sections of Y-motif droplets in
the presence of star-motifs without (control-motif) or with poly-T extension (amphiphile-motif), without or with addition of poly-A blockers. F)
Normalized histogram showing the effect of added poly-A blockers on the droplet volume distribution. G) Y-motif droplets and amphiphile-motif
solution were prepared in separate reaction tubes and mixed together for time-lapse imaging of the subsequent reorganization processes. H)
Representative two-color time-lapse showing single confocal sections obtained from volumetric image stacks originally acquired with a 1 min time
interval. Images 3D-deconvolved (Lucy-Richardson), Y-motif channel corrected for photobleaching (exponential fit), insets were contrast-adjusted
to emphasize local details. Results were comparable over two different frames per condition. I) Number of small (<0.049 μm3) and large (>0.049
μm3) droplets over time (n = 2, mean ± SEM).
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clusters (Figure 1C). Indeed, a comprehensive overview of Pol
II S5P cluster shape via sphericity-volume scatter plots revealed
that a population of large (volume ≥ 0.08 μm3) and round
(sphericity ≥ 0.1) clusters is present specifically for
intermediate levels of elongation activity (Figure 1E). At
high levels of transcription, this population is reduced. Taken
together, these analyses characterize how the amphiphilic effect
of transcript elongation correlates with unfolding of transcrip-
tional clusters and, at the highest levels of transcript
elongation, loss of large clusters.
Amphiphile-Motifs Formed Purely from DNA can

Disperse Droplets of Self-Interacting DNA-Nanomotifs.
After characterization of the dispersal of transcriptional clusters
as a biological reference for the desired amphiphilic effects, we
proceeded to develop amphiphiles that disperse droplets
formed from DNA-nanomotifs. The previously developed
phase-separating DNA-nanomotifs, called Y-motifs due their
three-ended shape, self-interact via sequence-programmed
sticky ends.5 Phase-separated Y-motif droplets can, in other
words, also be correctly described as a conventional hydrogel
formed on the basis of sequence-programmed bonds, for which
bond length and experimental conditions were adjusted to
obtain liquid droplet-like behavior. The viscosity and surface
tension of Y-motif droplets was previously characterized by
analysis of droplet fusion events,5 which we supplemented with
surface tension measurements by the sessile droplet method

(5.2 ± 0.6 μN/m, mean ± SEM, see Materials and
Methods).39 Amphiphile-nanomotifs designed with the
purpose of dispersing these droplets should also exhibit an
affinity for the droplet-forming Y-motifs via sticky ends and,
additionally, repulsion from the droplet phase (Figure 2A).
Such a repulsion can be introduced, for example, by attaching
negative charges via 5′-conjugation of a phosphate group,
which resulted in a visually apparent reduction of droplet
diameter, as is expected upon addition of an amphiphile
(Figure 2B). An alternative approach to add negative charges
for repulsion from the droplet phase, the extension by 102
thymines (poly-T extension), equally resulted in a visually
apparent reduction of the droplet diameter (Figure 2B).
Quantification by automated image analysis confirms that the
fraction of droplets with large volumes (>0.27 μm3) was
lowered for star-motifs with phosphate extension, and even
more so for star-motifs with poly-T extension (Figure 2C). As
a result of the dispersive effect of the phosphate or poly-T
extension, also the total number of droplets is increased
compared to the control case (810 ± 40 and 1300 ± 100
versus 720 ± 30, respectively, mean ± SEM). We theorized
that the poly-T-based dispersal was due to a generic charge-
based exclusion of the added DNA from the phase-separated
droplets, which can only be overcome when nanomotif-
nanomotif interactions, i.e., complementary base pairing,
facilitate the retention within droplets. In line with this

Figure 3. Time course of droplet dispersal upon addition of amphiphile-motifs. A) Representative confocal microscopy sections showing the
distribution of Y-motifs in flow cells prepared at 10 min time intervals after amphiphile-motifs were added to preformed Y-motif droplets (0 min).
Several tubes prepared in this manner were maintained at a stable temperature of 50 °C, control-motif samples were processed alongside
amphiphile-motif experiments. B) To simulate the time-lapse experiment, either amphiphile-motifs or control-motifs were added to a simulation in
a 1 × 1 × 1 μm box containing preformed Y-motif droplets. Preformed droplets were generated by simulation with 450 Y-motifs for 106 steps at 60
°C. 450 amphiphile-motifs or control motifs (implemented as Y-motifs, displayed in blue) were then added, and 5 × 106 simulation steps at 40 °C
were carried out. Images are 200 nm thick z-slices. Both simulations started from the same initial configuration.
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reasoning, the apparent dispersal of droplets by these
amphiphile-motifs was abolished by the addition of 10 nt-
long polyadenine (poly-A) blocker oligomers, which can
facilitate transient poly-T-poly-T cross-linking by complemen-
tary base pairing, similar to the sticky ends (Figure 2D−F). We
applied Dynamic Light Scattering (DLS) as an independent
analytical method, thereby validating the dispersal of Y-motif
droplets upon addition of poly-T-based amphiphile-motifs
(droplet diameter 740 ± 50 nm vs 131 ± 3 nm, mean ± SEM,
see Figure S1 and Materials and Methods). We used the poly-
T-based amphiphile-motifs in the following steps of our study,
as these amphiphile-motifs result in smaller droplets, and rely
entirely on DNA-sequence effects, without chemical function-
alization.
To better understand the dispersal of Y-motif droplets, we

added amphiphile-motifs to a suspension containing preformed
Y-motif droplets and visualized both species by time-lapse
fluorescence microscopy (Figure 2G). At the beginning of the
time-lapse, after an initial stablization for 45 min, Y-motifs as
well as amphiphile-motifs are present in the droplets, with an
amphiphile shell that extends slightly beyond the Y-motifs
(Figure 2H, 0 min inset). Over the course of the time-lapse,
fusion of individual droplets into larger droplets occurs, which
is accompanied by an increase in the volume of the resulting
droplets (Figure 2H, 20 min inset). Over time, several droplets
fuse in this way, while separating gaps and holes between
droplets also persist (Figure 2H, 50 min inset, arrows in row
one). In comparison, droplets of Y-motifs to which control
motifs were added also show droplet fusion, more frequently
close gaps, and exhibit more rounded shapes compared to the
droplets mixed with amphiphilic nanomotifs (Figure 2H,

arrows in row three). These visual impressions suggest a
difference in the maturation and dispersal of Y-motif droplets
depending on the application of either the amphiphile-motif or
the control-motif. Indeed, automated analysis of droplets
revealed that small droplets are more rapidly lost in the
presence of amphiphile-motifs, indicating dispersal of small
droplets (Figure 2I). Further, the number of large droplets
transiently increases in the presence of a control-motif, as is
expected for canonical coarsening by fusion of, initially, small
droplets into large droplets and then large droplets into a few
even larger droplets (Figure 2I). In contrast, in the presence of
amphiphile-motifs, the number of large droplets continuously
decreases, as is expected when coarsening is prevented and
droplets gradually become dispersed (Figure 2I).
Our initial results suggest that amphiphile-motifs are

recruited to Y-motif droplets before they exert their dispersing
effect. In a time-course experiment with more precise
temperature control (50 °C), indeed, Y-motif droplets initially
took on rounder shapes, became increasingly smaller only over
time until, ultimately, most droplets vanished (Figure 3A). The
addition of control-motifs that lack the poly-T extension also
induced rounding of Y-motif droplets, while instead of
becoming smaller, droplets continued to grow over time
(Figure 3A).
We wanted to test whether attractive interactions between

Y-motifs and amphiphile-motifs combined with a repulsive
domain on the amphiphile-motifs are sufficient to explain these
observations. We therefore implemented simulations based on
Brownian dynamics, where Y-motifs were represented as
spherical particles, which interact with other particles of the
same kind via a harmonic well potential (Figure 3B, for an

Figure 4. Increased amphiphile concentration leads to dispersal of phase-separated droplets. A) Y-motifs, control-motifs (no poly-T extension), and
amphiphile-motifs were separately prepared, mixed at different percentages of amphiphile-motif, transiently heated (60 °C), and injected into flow
cells for microscopy (ambient temperature 40 °C). B) Representative two-color micrographs of Y-motif and amphiphile-motif distributions at
different amphiphile-motif concentrations. Micrographs are single confocal sections. C) Changes with amphiphile concentration of the number of
droplets per field of view (mean ± SEM, n = 14, 14, 13, 13, 14, 14 fields of view). D) Sphericity-volume distributions obtained from the analysis of
confocal image stacks (image stacks were acquired at up to five fields of view per sample, n = 15323, 22091, 18177, 7793, 8477, 6663 droplets, data
pooled from N = 14, 14,13, 13,14, 14 total fields of view pooled from three independent experimental repeats). Small droplets (volume ≤ 0.125
μm3) were excluded in calculation of percentages.
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additional graphical summary, see Figure S2). Amphiphile-
motifs are represented as composite particles comprising one
“Y-motif particle” and one “tail particle”, which experiences
harmonic repulsion from all other particles. The interaction
potentials were adjusted to recapitulate an experimentally
observed transient increase in the number of droplets with
increasing amphiphile-motif concentrations (Figure S3). We
initialized a simulation with only Y-motifs, which we allowed to
proceed until two differently sized droplets were formed, and
subsequently added equal numbers of either amphiphile-motifs
or control-motifs. The addition of amphiphile-motifs led to full
dispersal of the smaller preformed droplet and prevented
further growth of the larger droplet, whereas the addition of
control-motifs resulted in continued growth for both droplets
(Figure 3B). These observations already strongly indicated that
indeed droplet dispersal can be attributed specifically to the
repulsive poly-T tail. To consolidate these observations, we
carried out a quantitative analysis of droplet number, volume,
and sphericity for time-courses obtained experimentally and by

simulation (Figure S4A−C and Figure S5A−C, respectively).
In line with expectation, in both cases, the addition of
amphiphile-motifs to preformed Y-motif droplets induces a
transient increase in volume and sphericity, followed by full
droplet dispersal. Adding control-motifs also leads to an
increase in droplet volume and sphericity, and as expected,
subsequent volume reduction and dispersal do not occur.
Addition of Increasing Amphiphile Concentrations

Mimics the Dispersal of RNA Polymerase II Clusters.
Having verified that amphiphile-motifs induce the expected
droplet dispersal, we investigated whether they could be used
to mimic the dispersal of transcriptional clusters with
increasing levels of transcript elongation in zebrafish embryos.
To imitate increasing levels of transcript elongation, we
prepared mixtures of Y-motifs with increasing concentrations
of amphiphile motifs (Figure 4A). In line with our previous
observations, at all concentrations, amphiphile-motifs colocal-
ized with Y-motif droplets, and higher amphiphile concen-
trations were associated with smaller droplets (Figure 4B). In

Figure 5. Amphiphile titration in interacting-particle and lattice simulations. A) To-scale drawing of Y-motifs and amphiphile-motifs used in the
interacting-particle simulations. B) Particle-based simulations with 450 particles in total were used to represent the titration experiment. The
fraction of amphiphile was increased from 0% to 100% in steps of 10%, the remaining fraction comprising of Y-motifs. Initially, all particles were
distributed in a spherical volume (radius 200 nm) inside a simulation box of 1 × 1 × 1 μm. 106 simulation steps were then carried out and the final
configuration was evaluated. Due to the different methods of assigning percentages (number fractions in the simulation, volume fractions in the
experiment), we provide corresponding percentages from the experiment in gray. One example of a z-slice (thickness 200 nm) of the final
configuration is shown for each case. C) Number of droplets per simulation, gray regions correspond to the range investigated in the experiment,
mean ± SEM (n = 20 simulations). D) Distributions of sphericity against particle number per droplet from 20 simulations. The blue box contains a
percentage of droplets with sphericity higher than 0.4 and more than 25 particles per droplet. E) Lattice-based simulations with three different
particle types were used to represent the titration experiment. T-shaped and cross-shaped DNA motifs perform diffusion and undergo stochastic
rotation. Amphiphiles have one repulsive interacting arm (red), which is replaced by a neutral arm (white dot) for controls. F) Images show
representative configurations of simulations carried out on 64 × 64 two-dimensional lattice. G) Number of droplets per simulation, mean ± SEM
(n = 25 simulations). H) Distributions of circularity against particle number per droplet from 25 simulations. The percentage is for droplets with a
circularity higher than 0.40 and more than 35 particles per droplet.
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close agreement with observations made for Pol II clusters, also
the droplet number transiently increases and then drops below
the corresponding value without addition of amphiphile-motifs
(Figure 4C). Also, the volume-sphericity distribution under-
goes changes similar to those of Pol II clusters in zebrafish
embryos for increasing levels of transcription (Figure 4D). In
particular, the transient increase in the percentage of droplets
with high volume and high sphericity mirrors the results for
Pol II clusters. All observations were also visible in a second
repeat of the titration experiment, indicating their reproduci-
bility (Figure S6). Taken together, the changes in Y-motif
droplets with increasing amphiphile-motif concentrations
resemble the changes in Pol II clusters in zebrafish embryos
for increasing levels of transcript elongation.
Finally, to assess whether our theoretical model can

reproduce the dispersal of Y-motif droplets with increasing
amphiphile-motif concentration, we simulated a titration
experiment with increasing concentrations of amphiphile-
motifs (Figure 5A). The volume fractions in the experiments
with DNA-nanomotifs can be directly mapped to the particle
number fractions in these simulations, and physical length
scales are assigned to them, so that results from simulations
can be thoroughly compared to the experiments (Figure 5B).
Visually, an increase in the amphiphile-motif concentration
leads to smaller Y-motif droplets and a more prominent
accumulation of amphiphile-motifs on the surface of Y-motif
droplets (Figure 5B). The number of detected droplets first
rises and then drops, as seen in the experiments (Figure 5C).
Sphericity-volume scatter plots show an increased fraction of
large droplets with high sphericity, followed by a decrease in
this fraction for even higher amphiphile-motif concentrations
(Figure 5D). Taken together, our theoretical model largely
captures the experimental observations for increasing concen-
trations of amphiphile-motifs, and, by extension, for transcrip-
tional clusters with increasing levels of transcription.
To test the generality and robustness of our theoretical

results, we implemented phenomenological lattice-based
simulations including self-interacting particles and amphiphilic
particles, thereby focusing on the essential interaction rules
(Figure 5E). The simulation is accomplished on a 2-
dimensional square lattice with different types of particles
representing the different types of nanomotifs. Particles could
not overlap and moved according to a dynamic Monte Carlo
algorithm. Different affinities were assigned to the tips of the
particles to represent the different nanomotifs. We consider
three types of particles: three-armed particles with self-affinity
analogous to the DNA Y-motifs; amphiphilic particles with an
additional repulsive arm; and control particles similar to the
amphiphiles, except that the additional arm is neutral (Figure
5E). Affinities and the particle density were adjusted so that
self-interacting particles behave as a phase-separating
liquid.40−42 When we simulate the titration of amphiphile
particles, large phase-separated domains are dispersed as the
fraction of amphiphile particles increases, as seen in the
interacting-particle simulations (Figure 5F). Further, a
transient increase in droplet number and in the fraction of
large round droplets is observed, in line with the interacting-
particle simulations and experiments (Figure 5G,H). This
agreement between lattice simulation and interacting-particle
simulation results further supports that, indeed, the dispersal of
phase-separated droplets by increasing amphiphile concen-
trations can be attributed to the same essential set of
interaction rules. The robustness of our theoretical results is

further supported by a quantitative analysis of the number of
droplets, particle number per droplet, and circularity for time-
lapse simulations, which matches experimental and interacting-
particle simulation results (Figure S7).
Taken together, in all of the experimental and theoretical

systems examined in this study, a stereotypical dispersal
process was observed with increasing amphiphile concen-
trations. An increase in the fraction of large, round droplets
and the total number of droplets can be observed at low
amphiphile concentrations due to the prevention of droplet
fusion and ripening. At sufficiently high amphiphile concen-
trations, droplets even become dispersed beyond the detection
limit. In our understanding, this stereotypical behavior can be
traced back to the similarity in the underlying amphiphile-
mediated dispersal process. For low amphiphile levels, droplets
grow as amphiphile particles are incorporated. Round, convex
shapes become energetically favorable, as they maximize the
distance between the repulsive, surface-attached parts of the
amphiphile.43 For increasing amphiphile concentrations, the
requirement for increased droplet surface area to accommodate
the additional amphiphile particles hinders droplet fusion and
ripening and, ultimately, leads to dispersal of droplets.17

In summary, our results show how an amphiphilic DNA-
nanomotif constructed solely on the basis of sequence
interactions, without chemical functionalization, can be used
to control the size of phase-separated droplet compartments or
even induce complete dispersal of these compartments. While
this controlled dispersal reproduces key aspects of the dispersal
of transcriptional clusters in stem cells, several crucial features
are not reflected in the synthetic DNA-motifs used in our study
and could be considered in the future to achieve more realistic
synthetic reimplementations of transcriptional clusters. Tran-
scription in eukaryotes proceeds via several adjacent compart-
ments at the scale of a few 100 nm, which harbor the
consecutive steps of transcription control, transcript elonga-
tion, and splicing of the resulting transcripts.44−48 The ability
to implement several, orthogonally interacting DNA-motifs
based on different sticky end sequences allows a similar
formation of distinct droplet species, whose fusion and
separation can be controlled by additional connector motifs.5,7

The formation of transcriptional clusters in pluripotent cells
involves super-enhancers as condensat ion surfa-
ces,27−32,45,49−53 whereas the Y-motif droplets in our study
form without such condensation surfaces. Such surfaces could
be provided by long DNA strands produced with the rolling
circle amplification (RCA) method, which was previously used
to generate DNA-only liquid droplets.54 Lastly, the amphiphilic
DNA-nanomotifs in our synthetic system are catalytically
inactive, while the ongoing synthesis and transport of RNA can
distinctly change the stability of transcriptional clusters27,55 as
well as the mesoscopic organization of different steps of the
transcription process and chromatin.21,56,57 In conclusion, our
work illustrates how principles of intracellular compartmental-
ization can be translated into novel biomimetic concepts for
the control of synthetic biological systems and materials.
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