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1. Introduction

Bottom-up synthetic biology aims to con-
struct synthetic cellular systems from 
molecular constituents—enhancing our 
understanding of life itself while poten-
tially providing new directions for bio-
medical applications.[1,2] Conventionally, 
biomolecules, often proteins, have been 
isolated from cells and reconstituted in 
cell-sized confinement to reconstruct ver-
satile cellular functions and sophisticated 
processes like adhesion,[3–5] energy gen-
eration,[6,7] or motility.[8–10] For efficient 
encapsulation of biocontent, droplet-based 
microfluidics proved to be a very useful 
technique due to its high degree of con-
trollability and high-throughput formation 
of monodisperse compartments.[3,11–14]

In particular, actin networks have 
been reconstituted into water-in-oil 
droplets[15–17] and giant unilamellar vesi-
cles[18–20] to observe the role of specific 
proteins regulating cellular morphology. 

Besides increased stability,[6] actin-containing synthetic cells 
further mimic versatile cellular functions like adhesion[21] and 
the formation of protrusions.[6]

However, actomyosin-containing minimal systems are often 
still lacking stimuli-induced symmetry breaking contractility. 
This is a key feature that governs cytoskeleton-related functions 
in living cells, like cell motility and division.[22,23] Notably, 2D 
bottom-up engineered actomyosin networks have been con-
tracted upon external stimulation,[24] for example, on supported 
lipid bilayers.[25,26] Reconstitution of actomyosin networks fur-
ther helped to elucidate the molecular mechanisms that govern 
actomyosin contraction and aster formation like filament 
sliding,[27,28] buckling,[29] and polarity sorting.[28,30] However, 
in 3D confinement stimuli-responsive contraction and sym-
metry breaking has only been achieved with a cell lysate and 
not relying on purified proteins.[16,17,31] The challenge lies in the 
multitude of required components, which are often difficult to 
purify from living cells or incompatible with one another in 
cell-like compartments.[32] Hence, we believe that the combina-
tion of natural and synthetic parts is the most promising route 
toward more complex functionality. In particular, engineering 
of controlled symmetry breaking benefits from a tuneable 
link between the actin and the compartment periphery. DNA 
nanotechnology has previously been employed in bottom-up 
synthetic biology to create linkers between biocomponents,[33] 
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to regulate transport and self-organization of microtubules[34] as 
well as to establish a link to the compartment periphery.[35]

Here, we merge bottom-up synthetic biology with DNA 
nanotechnology to achieve light-triggered symmetry breaking 
of minimal actomyosin cortices. Toward this end, we employ 
droplet-based microfluidics to engineer a minimal actomyosin 
cortex consisting of purified actin, synthetic DNA linkers, 
heavy meromyosin-coated (HMM-coated) beads as force- 
generators and caged ATP as a light-induced trigger in cell-
sized confinement. The minimal actomyosin cortex is linked 
to the periphery of the water-in-oil droplets via DNA linkers. 
Furthermore, we show that we can selectively and locally 
trigger the contraction of this network by light and thereby 
induce a symmetry breaking contraction with high spatiotem-
poral control. We quantify symmetry breaking by analyzing 
the 3D displacement of the actin filaments over time during 
the aster formation process. All in all, we showcase how an 
engineering approach to synthetic biology, combining natural 
and synthetic components, can provide a shortcut toward 
complex function.

2. Results

2.1. Contraction of Minimal Actomyosin Networks

We first set out to engineer light-activated contractility of a 
minimal actomyosin network in bulk. Figure 1a–d shows illus-
trations (top) and confocal fluorescence images (bottom) of 
how we assemble the contractile system step-by-step: Starting 
with actin filaments (Figure  1a), we add methylcellulose to 
the actin solution to create bundles of actin filaments as vis-
ible in Figure 1b (see also Figure S1 and Video S1, Supporting 
Information). By doing so, we mimick the effect of a cytosol 
that contains large amounts of macromolecules, which intro-
duce depletion forces in a very simplified manner.[15,27,36–38] Due 
to entropic depletion, the mixing of actin and methylcellulose 
leads to the formation of thick and several tens of micrometer 
long filaments.[38–40] Interestingly, the formation of actin bun-
dles in presence of methylcellulose is largely independent of the 
ATP concentration, bundles form also in the absence of ATP 
(see Figure S2, Supporting Information). The ATP-independent 
filament assembly allows us to decouple actin polymerization 
from the spatiotemporally controlled contraction of the actin 
network. In order to induce active contraction, we prepare 
heavy meromyosin-coated polystyrene beads (HMM-beads) 
with a diameter of 2 µm (see Section 4).[41] The use of HMM-
coated beads offers several advantages over the reconstitution 
of myosin filaments or high concentrations of free myosin 
since they are highly and easily tuneable. First of all, the beads 
have a defined size and can be coated with a defined amount of 
HMM. Second, they can be visualized and tracked with simple 
brightfield microscopy or in case of fluorescent beads even with 
fluorescence microscopy. Finally, the bead diameter and hence 
the bead velocity is tuneable.[41] Note that we chose the diam-
eter to maximize the bead velocity. Since one bead contains a 
large number of HMM (≈105), it can bind to several actin fila-
ments and link the filaments to form an actomyosin network. 
In combination with the use of methylcellulose, three effects 

contribute to the generation of large forces on the actin net-
work: 1) Methylcellulose increases the filament length, meaning 
that HMM-coated beads can travel long distances. The larger 
displacement directly corresponds to larger force exertion. 2) 
Methylcellulose further increases the filament thickness, hence 
multiple heavy meromyosin proteins from one bead can bind. 
3) Methylcellulose stiffens the filaments. In its absence, the fila-
ments can wrap around the beads, preventing force generation 
on the network (see Figure S3, Supporting Information). In this 
regard, HMM-beads can mimic bipolar myosin bundles such 
as thick filaments in the sarcomere during muscle contraction. 
Figure 1c shows a representative confocal fluorescence image of 
the attachment of the fluorescently labeled HMM-beads to the 
bundled actin filaments. To achieve spatiotemporal control over 
contractile dynamics, we add biologically inactive NPE-caged 
ATP to the actin solution. Illumination with UV or blue light 
cleaves the NPE and hence releases ATP.[42] After illumination 
of the entire confocal frame with blue light (405 nm) for 5 s, we 
observe a contraction of the actin network toward actin-dense 
regions as visible in Figure  1d. The dynamics can be appreci-
ated from the Video S2, Supporting Information. Importantly, 
in absence of methylcellulose we could not observe actomy-
osin contraction with the HMM coated beads (see Figure S3, 
Supporting Information) showcasing the need of a bundling 
agent to provide sufficient filament crowding and thus HMM-
coated bead-mediated force generation.[28] Furthermore, we 
showed that the same concentration of soluble HMM, which 
is not bound to the bead, does not induce actomyosin contrac-
tion (see Figure S4, Supporting Information). To verify that the 
contraction is caused by the unidirectional movement of the 
beads along the filaments, we tracked their motion and quan-
tified the bead-velocity before (Figure  1e) and after (Figure  1f) 
light-triggered release of ATP (see also Video S3, Supporting 
Information). As shown in Figure  1g, we obtain velocities of 
0.017 ± 0.005 µm s−1 before and 0.106 ± 0.024 µm s−1 after illu-
mination, which is comparable to previous results.[41]

For the sake of completeness, Figure  1h verifies the suc-
cessful formation of the HMM beads using denaturing poly-
acrylamide gel electrophoresis (PAGE). The bands indicate the 
presence of HMM (heavy and light chains[43]) and bovine serum 
albumin[44] on the polystyrene bead surface functionalized via 
polylysine-mediated interactions (see Figure S5, Supporting 
Information). To prove that the contraction is only based on 
HMM activity after ATP release, we performed a control experi-
ment with blebbistatin, which inhibited the contraction of acto-
myosin networks (see Figure S6, Supporting Information).

2.2. Actomyosin Contraction in Microfluidic Droplets

As a next step, we set out to transfer the light-activated contrac-
tile actomyosin networks from bulk into cell-sized confinement 
using droplet-based microfluidics. This yields a high number of 
similar, individual and 3D reaction compartments mimicking 
the cellular confinement and thereby represents a more rel-
evant approach for reconstituting actomyosin-dynamics com-
pared to 2D studies.[24,25] Toward this end, we premixed the 
solution containing all components introduced in Figure 1 and 
encapsulated them into block-copolymer surfactant-stabilized 
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droplets as illustrated in Figure  2a (see Section  4 and Figure 
S8, Supporting Information, for a sketch of the microfluidic 
device). Confocal fluorescence imaging confirmed the suc-
cessful encapsulation of the biocontent (Figure  2b), showing 
that all components are stably confined and evenly distributed 
inside the aqueous droplet lumen. Importantly, prior to illumi-
nation with blue light, no movement of the HMM-coated beads 
or the actin filaments can be observed as shown in Figure 2a,b 
(for a z-projection see Figure S9, Supporting Information). 
In order to activate actomyosin contraction by light-triggered 
ATP release, the confocal field of view is illuminated with blue 
light for 5 s.

Only after illumination, we observe an immediate contrac-
tion of the network inside the confinement of the droplet as 
we previously observed in bulk and hence have a high degree 
of spatiotemporal control over the contraction process com-
pared to other studies.[31] The contraction stalls after about 
6 min, leading to the accumulation of the actin bundles in the 
droplet center (Figure  2c,d; see also Figure S10, Supporting 
Information, for more examples). Interestingly, a doubling 
of the actin concentration leads to a slower contraction and 
lower degree of compactification (see Figure S11, Supporting 
Information) whereby a twofold increase of HMM-beads leads 
to faster but similar response (see Figure S12, Supporting 

Figure 1. Light-triggered contraction of an actomyosin network in bulk. Schematic illustrations (top) and confocal fluorescence images (bottom) of 
a) actin filaments only (red, λex = 488 nm for a, b and λex = 647 nm for c,d), in actin buffer); b) actin filaments after addition of methylcellulose, acting 
as a bundling agent; c) further addition of NPE-caged ATP (unlabeled) and heavy meromyosin-coated beads (green, λex = 488 nm) attached to actin 
filaments; d) 100 s after illumination (λex = 405 nm), leading to release of ATP. The HMM-beads start to move unidirectionally along the filament leading 
to a contraction of the actin network toward actin-dense regions. Brightfield images of HMM-coated beads e) before and f) 500 s after illumination 
(λex = 405 nm) for 5 s. HMM-coated beads start to move unidirectionally along the filaments after ATP-release. g) Velocity of HMM-coated beads before 
and after illumination (n = 20). Error bars correspond to the standard deviation. h) Denaturing polyacrylamide gel electrophoresis (running conditions: 
4–12 % polyacrylamide, 200 V, 35 min) of pure HMM in actin buffer (Lane 2) and HMM-coated beads (Lane 3). Polystyrene beads are functionalized 
with HMM as well as bovine serum albumin (BSA, MW: 67 kDa). Scale bars: a) 20 µm; b–f) 50 µm; insets e,f) 10 µm.
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Information). This is in excellent agreement with previous 
studies, in which a global contraction was observed for a 
myosin motor to actin ratio of RM = 0.01.[30,45,46] This is com-
parable to our experiments with RM  = 0.013, for which we 
observe global contraction and aster formation. Doubling the 
actin content (i.e., reducing the HMM to actin ratio by half ) 
leads to a stalled contraction as also observed with reconsti-
tuted myosin filaments, consistent with a previous study.[30] 
However, the composition of our asters greatly differs from 
the biological system as we deliberately chose an engineering 
approach to achieve light-triggered contractility. Thus, it is 
even more remarkable that we observe a similar qualitative 
and quantitative behavior of the actomyosin contraction. The 
timescale of the contraction agrees well with the bead velocity 
we determined in Figure  1g and previous works on actomy-
osin contraction:[27,29,30–37,46] Within 6 min, we expect a dis-
placement of approximately 36  µm, which is comparable to 
the droplet radius. The filaments condense to a small fraction 
of the droplet’s volume (see Figures S10 and S11, and Video 
S4, Supporting Information). It is thus not surprising, that the 
contraction happens on that timescale. We suspect that most 
likely the actin asters formed in our system are initially non-
polar and are transformed into at least partially polar actin 
asters—predominantly governed by actin sliding, polarity 
sorting, and buckling[27–30] as thoroughly discussed in Text 
S1, Supporting Information. However, the extent to which all 
of these mechanisms contribute remains to be investigated 
in detail in further studies. Similar aster-like actin struc-
tures have been observed in bulk experiments involving dif-
ferent crosslinking proteins.[47] Here, this has been achieved 
in compartments and successfully been triggered externally 
with light.

2.3. DNA-Based Linkers for Minimal Actomyosin Cortices

Having shown that our minimal actomyosin networks can be 
encapsulated into cell-sized confinement and contract upon 
external stimulation, our system is still missing a physical link 
between the actin network and the compartment periphery. In 
natural cells, the actin cytoskeleton is constantly recruited to the 
cellular membranes to produce pushing, pulling and resistance 
forces during adhesion and motility.[48] We previously showed 
that we can use DNA nanotechnology to functionalize sur-
factant-stabilized droplets and to link arbitrary components to 
their periphery.[35] In this research, we demonstrated that cho-
lesterol-tagged DNA can be anchored in the surfactant layer via 
hydrophobic interactions. The cholesterol-tagged DNA serves 
as an attachment handle for a complementary strand of DNA, 
which can carry an arbitrary functional group. Here, we exploit 
this method for the attachment of the actomyosin networks 
to the compartment periphery as illustrated in Figure  3a,b. 
Note that we chose an excess concentration (1 µm) of the DNA 
linkers in order to ensure that binding sites are available for 
the stiff actin bundles. Biotin-modified single-stranded DNA 
attaches to the cholesterol-tagged DNA at the compartment 
periphery (yellow). The elongated DNA linker ensures that 
the biotin-molecule is not hidden in the hydrophilic section of 
the surfactant layer. It additionally allows for localization due 
to the possibility to attach a fluorophore. We successfully func-
tionalize actin monomers with biotin and streptavidin as dem-
onstrated by denaturating PAGE (see Figure S13, Supporting 
Information). Thereby we establish a link to biotinylated actin 
filaments (5 mol% percent biotinylated over unfunctionalized 
actin monomers). With confocal fluorescence microscopy, we 
observe that the actin filaments now span straight across the 

Figure 2. Light-triggered contraction of actomyosin networks in cell-sized confinement. a) Schematic illustration of actin filaments (red), HMM-beads 
(green) and NPE-caged ATP inside water-in-oil droplets before illumination with blue light. b) Confocal fluorescence images of actin filaments (red, 
λex = 647 nm) and HMM-coated beads (green, λex = 488 nm) encapsulated into water-in-oil droplets as well as brightfield and composite images before 
illumination with blue light. The minimal actomyosin network is homogeneously distributed in the droplet. c) Schematic illustration of actin filaments 
and HMM-beads inside water-in-oil droplets after illumination. d) Confocal fluorescence images of actin filaments (red, λex = 647 nm) and HMM-coated 
beads (green, λex = 488 nm) encapsulated into water-in-oil droplets as well as brightfield and composite images 6 min after illumination with blue light. 
After ATP-release the minimal actomyosin network contracts toward the droplet center. Scale bars: 20 µm.
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droplet lumen, with their ends located at the droplet periphery 
as visible in Figure 3c (for the verification of of the binding of 
the cholesterol-tagged DNA to the periphery, see Figure S14, 
Supporting Information; DNA sequences are shown in Table 
S1, Supporting Information). The altered contractile dynamics, 
described in the next section, will serve as an additional confir-
mation of the successful attachment of the actin filaments to 
the compartment periphery.

2.4. Symmetry Breaking Contraction Mediated by DNA Linkers

Finally, we used the DNA linker system to trigger a symmetry 
break inside the compartment. To demonstrate the spatiotem-
poral control of the ATP release, this time we illuminated 
only one half of the field of view with blue light. Only in the 
illuminated area, we observe a contraction of the actomyosin 
network toward one hemisphere of the droplet as shown in 
Figure  4a,b (color-coded z-projection, for images before and 
after contraction see Figure S15, Supporting Information). 
The dynamics of the process can be observed in the Video 
S5, Supporting Information. The diffusive DNA linkers at 
the droplet periphery induce a symmetry break inside the 
compartment (Figure 4b,ii,iv). We hence observe altered con-
tractile dynamics compared to the case without DNA linkers 
(see Figure 2). This again confirms the successful and highly 
stable linkage of actin to the compartment periphery (see 
Figure S16, Supporting Information, for individual z-slices). 
Note that the passive diffusion coefficient of the DNA in the 
surfactant layer is around 0.4  µm2  s−1[35] which is too low to 
allow for the large displacement (for the calculation see Text 
S2, Supporting Information). This means that the rolling 
motion of the HMM-beads on the filaments actively pulls the 
linkers to a pinpoint. Notably, the targeted contraction toward 
one side of the droplet is not favoring any lateral or axial ori-
entation. The actin network within the droplets that were not 
illuminated did not contract at all, highlighting that symmetry 

breaking can be locally activated inside droplets on a scale of a 
few micrometer (Figure 4b,i,iii).

In order to quantitatively compare the contraction of the acto-
myosin networks in the presence and the absence of the DNA 
linkers, we analyzed the efficiency of the symmetry breaking by 
determining the position of actin networks within the droplets. 
For this purpose, we define a spherical 3D region of interest 
and determine the center of mass of actin filaments in 3D over 
time for each spherical ROI. Figure 4c depicts the analysis pro-
cedure and exemplary 3D projections of the actin filament dis-
tribution within a droplet and its corresponding center of mass. 
Figure  4d shows the normalized mean displacement of n  = 10 
(+405 nm/+DNA) and n = 6 (+405 nm/−DNA, −405 nm/+DNA) 
encapsulated actin networks over time. To obtain a quantitative 
measure for the symmetry breaking over time, we evaluated the 
displacement of the center of mass of the actin filaments Rd from 
the center of mass of the droplet, normalized by the droplet radius 
R0. We find no significant change of the actin filaments center 
of mass over time in absence of DNA-linker or if ATP was not 
released via 405 nm illumination. On the contrary, droplets with 
DNA-linkers and released ATP show an increase in normalized 
3D-displacement for 300 s until the contraction stalls and reaches 
a plateau at d = Rd/R0 = 0.62 ± 0.12. Importantly, the timescale of 
the contraction agrees well with the bead velocity we determined 
in Figure 1g: Within 5 min, we expect a displacement of approxi-
mately 30 µm, which is comparable to the droplet radius.

Therefore, we conclude that DNA nanotechnology can estab-
lish a stable link of the actomyosin networks to the compartment 
periphery, while subsequent ATP release causes all observed 
droplets to undergo a symmetry break based on contractility.

3. Discussion

In this work, we engineered light-activated minimal contrac-
tile actomyosin networks for synthetic cells, capable of sym-
metry-breaking contraction. This was achieved by combining 

Figure 3. DNA nanotechnology-mediated link between the actomyosin network and the compartment periphery. a) Schematic illustration of the 
linkage of the actomyosin network to the droplet periphery via DNA linkers. Cholesterol-tagged DNA (yellow) self-assembles at the droplet periphery 
and hybridizes with a complementary DNA strand functionalized with biotin, thereby establishing a strong non-covalent link to the biotin-streptavidin-
modified actin filaments. c) Confocal fluorescence composite images of actin filaments (red, λex = 561 nm) linked to the droplet periphery via DNA 
(yellow, λex = 647 nm) and HMM-coated beads (green, λex = 488 nm). Scale bar: 30 µm.
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natural and synthetic components from the bottom-up. We 
exploited that actin can be bundled into thick and tens of 
micrometer-long filaments by addition of methylcellulose, 
mimicking crowding agents in the cytosol of cells. Further, 
we coated polystyrene beads with heavy meromyosin as 
active component to induce actomyosin dynamics. To initiate 
myosin motor activity with high spatiotemporal control, we 

used NPE-caged ATP to induce a contraction of the actomy-
osin network in bulk within minutes after illumination with 
blue light.

Next, we transferred the bulk approach into cell-sized con-
finement and found that we can induce a contraction of acto-
myosin networks toward the droplet center upon illumination. 
This is the first time the contraction of actomyosin networks 

Figure 4. DNA nanotechnology-mediated symmetry break of minimal actomyosin cortices in cell-sized compartments. a) Confocal fluorescence images 
of actin filaments (color-coded z-projection, λex = 561 nm), biotinylated DNA (yellow, λex = 647 nm) HMM-coated beads (color-coded z-projection, 
λex = 488 nm) and a composite image (actin: red, beads: green, DNA: yellow). The right half of the field of view (indicated by the white dotted line) 
was illuminated with blue light for 5 s (λex = 405 nm). The minimal actomyosin cortices in the illuminated area contract toward the periphery of the 
droplet whereas there is no contraction in the rest of the confocal frame. b) Exemplary confocal fluorescence color-coded z-projection images of actin 
filaments (λex = 561 nm) and HMM-coated beads (λex = 488 nm) for a droplet illuminated with blue light (ii, iv) and a droplet not illuminated with blue 
light (i, iii). Scale bars: a) 100 µm; b) 20 µm. The images were taken 7 min after illumination. c) Illustration of the analysis procedure used to quantify 
symmetry breaking. The center of mass of the actin filaments was evaluated for individual droplets in 3D over time and normalized to the droplet 
radius. d) Normalized 3D-displacement d over time for droplets with DNA linkers and after illumination with 405 nm to release ATP (+DNA/+ATP, red), 
droplets with DNA linker and without released ATP (+DNA/−ATP, black) and droplets without DNA linker but with released ATP (−DNA/+ATP, gray). 
Only droplets with DNA-linker and released ATP show an increase in normalized 3D-displacement for 300 s until the contraction stalls and reaches a 
plateau at Rd/R0 = 0.62 ± 0.12.
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within compartments successfully has been triggered externally 
by light, offering uniquely high spatiotemporal control.

Increasing the complexity, we used DNA nanotechnology 
to link the actomyosin network to the droplet periphery to 
engineer minimal actomyosin cortices. This linkage method 
offers all benefits associated with DNA nanotechnology, such 
as sequence programmability and reversibility. Therefore, it 
is in principle possible to exploit a second trigger, such as pH 
or temperature, to control cortex formation independently of 
contraction. Additionally, the use of DNA as a linker provides 
many possibilities for further advances, including the introduc-
tion of stimuli-responsive motifs, DNA aptamers or strand dis-
placement reactions. It will be exciting to transfer the described 
system into lipid vesicles in the future.

Finally, we observed local symmetry breaking contractility of 
actomyosin cortices toward the periphery of droplets in pres-
ence of the DNA linkers. This yields complex synthetic cells 
that can undergo a dynamic process—namely a spatiotempo-
rally controlled symmetry break—which can be triggered exter-
nally by light. This would not have been possible relying merely 
on purified components without addition of synthetic custom-
made parts. We envision that approaches merging artificial and 
natural tools to further increase the complexity of synthetic 
cells will lead to contractile cortical systems for synthetic cell 
division and motility.

4. Experimental Section
Confocal Fluorescence Microscopy: A confocal laser scanning 

microscope LSM 880 or LSM 800 (Carl Zeiss AG) was used for confocal 
imaging. The pinhole aperture was set to one Airy Unit and experiments 
were performed at room temperature. The images were acquired using 
a 20× (Objective Plan-Apochromat 20×/0.8 M27, Carl Zeiss AG). Images 
were analyzed and processed with ImageJ (NIH, brightness and contrast 
adjusted, color-coded representation of confocal z-stacks). Color-
coded z-projections were generated from z-stacks and depict the axial 
dimension of droplets in different colors.

Actin Preparation: Actin (purified from acetone powder from New 
Zealand white rabbit skeletal muscle, based on the method of Pardee and 
Aspudich,[49] modified after Kron et  al.[50]) was stored in so-called GAB 
buffer containing 2 mm TRIS/HCl, pH  8, 0.2 mm CaCl2, 0.2 mm ATP, 
0.005 % NaN3 and 0.2 mm DTT, at −80 °C. The actin monomers were 
either labeled with Rhodamine-Phalloidin (Biotium, dissolved in MeOH) 
or Alexa647 (Sigma-Aldrich) by mixing 20  µL actin with 20  µL AB DTT 
DD (double-density) buffer (50 mm HEPES, pH 7.4, 50 mm KCl, 8 mm 
MgCl2, 20 mm EGTA, 20 mm DTT) and in some cases 4  µL 10× Actin 
Polymerization Buffer (20 mm Tris-HCl, pH8, 500 mm KCl, 20 mm MgCl2, 
10 mm NaATP). The actin monomers were left on ice to polymerize for 
30 min. Subsequently, 10  µL of Rhodamine-Phalloidin (10 units) were 
added to the solution. As an alternative to the Rhodamine labeling, 
1 % custom-made Alexa647-labeled actin monomers were used. Directly 
before the experiment, 2 mm caged ATP and 0.4 % methylcellulose were 
added to the actin filaments.

Heavy Meromyosin Beads Preparation: 10–20  µL (YG-fluorescent) 
polystyrene microspheres with a diameter of 2  µm (Fluoresbrite) were 
washed three times with 200  µL 25 mm HEPES pH 7.4 and afterward 
centrifuged for 5 min at 4 °C and 12000 rpm. As a next step, the beads 
were diluted in 200 µL poly-l-lysine solution (PLL, 0.1 %) and incubated 
for 30 min at 4 °C on a rolling mixer. Next, the PLL-coated beads were 
centrifuged again and diluted in 100 µL AB buffer. To coat the beads with 
HMM (myosin isolated from New Zealand white rabbit skeletal muscle 
was used to prepare HMM based on the method of Margossian and 
Lowey[51]), 20  µL sonicated PLL-beads were mixed with 20  µL HMM 

(250 µg mL−1) and 100 µL AB DTT buffer. The beads were left to incubate 
on ice for 60 min. Subsequently, 0.5 mg mL−1 BSA was added to prevent 
unspecific binding and the beads were left to incubate again for 10 min 
on ice. As a last step, the HMM-beads were centrifuged and diluted in 
50 µL AB DTT buffer. The final bead concentration is on the order of 106 
particles/µL (see Figure S7, Supporting Information).

Denaturating Polyacrylamide Gel Electrophoresis: Precast NuPAGE Bis-
Tris Gels (Thermo Fisher) were loaded with 1× NuPAGE lithium dodecyl 
sulfate (LDS) sample buffer, 1× NuPAGE reducing agent and either 10.4 µg 
actin conjugated with biotin-streptavidin, 2.7  µg unbound streptavidin 
after ultracentrifugation of the actin conjugated with biotin-streptavidin, 
6 µg pure actin, 6 µg heavy meromyosin or 10 µL of HMM-coated beads. 
Before mixing, the sample was heated for 10 min at 70 °C. The gel was run 
in a Xcell SureLock Mini Cell (Thermo Fisher) for 35 min at 200 V in a 1× 
NuPAGE SDS MES running buffer and afterward stained with InstantBlue 
(Expedeon). The gel was imaged with either an Amersham Imager 600 
(GE Healthcare Life Sciences) or Azure 600 (Azure Biosystems).

Design and Assembly of the DNA Linkers: The design and assembly of 
the DNA linkers was adapted from Jahnke et al.[35] In brief, a set of random 
fixed-length DNA sequences was generated in MATLAB (MathWorks, Inc.) 
using the randseq command. The sequences were analyzed in NUPACK,[52] 
selecting for sequences with minimal secondary structure formation, and 
purchased from Integrated DNA Technologies, Inc. or biomers.net GmbH. 
HPLC purification was performed for DNA oligos carrying modifications 
(Cy3, Cy5, Atto488, cholesterol-TEG, biotin), all other oligos were purified 
by standard desalting. For a complete list of DNA sequences, see Table 
S1, Supporting Information. The DNA oligos were diluted in Milli-Q water 
at a stock concentration of 100 µm, aliquoted and stored at −20 °C until 
use. Before the experiment, cholesterol-tagged DNA oligos were heated 
to 60 °C for 5 min to reduce aggregation. A concentration of 2  µm of 
each oligonucleotide was used in the aqueous solution containing 10 mm 
MgCl2, if not stated otherwise.

Formation of DNA-Functionalized Surfactant-Stabilized Water-in-Oil 
Droplets: As previously described by Jahnke et al.[35] microfluidic PDMS-
based (Sylgard 184, Dow Corning) devices for the formation of water-
in-oil droplets were produced and assembled. The device layout is shown 
in Figure S8, Supporting Information. The aqueous phase is made 
up of Milli-Q water containing 10 mm MgCl2, 10  µm actin, 1× AB DTT 
DD (double-density) buffer (50 mm HEPES, pH 7.4, 50 mm KCl, 8 mm 
MgCl2, 20 mm EGTA, 20 mm DTT) and 2-4 µm DNA unless otherwise 
specified. The oil-phase contains 1.4 wt% of Perflouro-polyether-
polyethylene glycol (PFPE-PEG) block-copolymer fluorosurfactants 
(PEG-based fluorosurfactant, Ran Biotechnologies, Inc.) dissolved 
in HFE-7500 oil (DuPont). The fluid pressures were controlled by an 
Elveflow microfluidic flow control system or syringe pumps (Harvard 
Apparatus). The fluids were injected into the channels with 1 mL 
syringes (Omnifix, B.Braun, Germany) connected by a cannula (Sterican 
0.4 × 20  mm, BL/LB, B.Braun) as well as PTFE-tubing (0.4 × 0.9  mm, 
Bola). To observe the production process, an Axio Vert.A1 (Carl Zeiss 
AG) inverse microscope was used. As an alternative to the microfluidic 
formation of droplets, the aqueous phase was layered on top of the 
oil phase within an microtube (Eppendorf) and droplet formation 
was induced by manual shaking as described by Göpfrich et  al.[14] The 
microfluidic approach was used for Figures 2 and 3, whereas droplets in 
Figure 4 were produced via the shaking method.

Attachment of Actin Filaments to the DNA Linkers: In order to 
link actin filaments to the DNA, 2  µm biotinylated actin monomers 
(Cytoskeleton) were mixed with 38  µm unmodified actin monomers in 
25 mm HEPES at pH 7.4 and incubated on ice for 30 min. Afterward, 
4  µm streptavidin (Sigma Aldrich), 1× actin polymerization buffer and 
0.4% methylcellulose (Sigma-Aldrich) were added with intermediate 
incubation steps of 30 min on ice. Finally, the solution was centrifuged 
at 10  000 × g for 45 min, the supernatant removed and the pellet 
resuspended in the final GAB buffer. To obtain a high yield of biotin-
streptavidin functionalized monomers, the solution was furthermore 
dialyzed overnight against GAB buffer. Before each experiment, the 
concentration of actin monomers was determined by a NanoPhotometer 
(Implen) measurement at 280 nm.
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Release of NPE-Caged ATP: NPE-caged (P3-(1-(2-nitrophenyl)ethyl) 
ester) ATP disodium salt (Thermo Fisher Scientific) was dissolved to a 
100 mm stock concentration in 100 mm Tris (pH8) and stored at −20 
°C until use. For the experiments with caged ATP, a final concentration 
of 2–3 mm was mixed with other components. The release of the NPE 
group was induced by excitation with a diode laser at a wavelength of 
405 nm and (70% laser intensity for 1–5 s).

Analysis of the Symmetry Breaking Process: To quantify the degree of 
symmetry breaking, a spherical 3D region of interest was defined by using 
the z-stacks of brightfield images of individual droplets. Since the droplets 
moved slightly over time, the 3D ROI was determined for each time-step 
and the center of the sphere was determined using the ImageJ plugin 
3DRoiManager. The corresponding fluorescence images from the actin 
channel were filtered with a Gaussian filter and pixel intensities below 25% 
of the maximum intensity were discarded. With these settings, the signal 
could be filtered out from free actin monomers and just the filaments 
could be evaluated. The 3D-center of mass of actin filaments over time 
was determined for each spherical ROI. The process was repeated for 
confocal xyzt-stacks under three different conditions: +405 nm / +DNA 
(n = 10), +405 nm / −DNA (n = 6) and −405 nm / +DNA (n = 6). To 
obtain a quantitative measure for the symmetry breaking over time, the 
displacement of the center of mass of the actin filaments from the center 
of mass of the droplet was evaluated, normalized by the droplet radius.

Statistical Analysis: The presented data depict mean and standard 
deviations. To determine the HMM-bead velocity, beads were manually 
selected and tracked using the ManualTracking plug-in in ImageJ. n = 
20 beads were tracked before and after illumination with 405 nm. For 
the symmetry breaking analysis n = 10 or n = 6 droplets were analyzed 
for three different conditions as also stated in the main text. Prism 
(Graphpad) was used to plot the acquired data.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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