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ABSTRACT  1 

We report the run-and-halt behavior of motile droplets immersed in an aqueous solution of 2 

amphiphilic molecular switch. These oil droplets move autonomously as the switch solubilizes 3 

the oil into the water. Droplet movement stops in response to UV light, and picks up again in 4 

response to visible light. This motile behavior is a consequence of the reversible trans-to-cis 5 

photo-conversion of the switch in water, because the trans photo-isomer stabilizes the oil 6 

droplets better than the cis photo-isomer, and therefore it also solubilizes the droplet more 7 

effectively. Notably, the droplets also evolve positive photokinesis under illumination with 8 

visible light, and, in patchy light environments, their complex motility pattern directs the 9 

droplets at the periphery of the illuminated areas.  10 
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INTRODUCTION 1 

The ability to move towards light, nutrients and thermal sources plays a vital role in the survival 2 

of microorganisms. Unravelling the molecular mechanisms that support the emergence of such 3 

purposeful movement in water, including chemotaxis,1 phototaxis,2 kinesis,3 and pathogenesis,4 4 

requires developing minimalistic analogues. Microscopic motile systems have thus been 5 

designed, including liposomes,5 stomatocytes,6,7 and other micromotors.8,9,10,11 Microscopic 6 

droplets of oil have also demonstrated chemotactic behavior in aqueous solutions of 7 

amphiphiles, 12,13,14 as well as biomimetic motion along helical trajectories.15,16 These motile 8 

droplets move autonomously because the aggregates of amphiphiles present in solution can 9 

solubilize small volumes of the oil droplets into water. In this process, the distribution of the 10 

amphiphiles at the interface is modified,17 and the resulting gradient in interfacial tension 11 

induces internal and external flows that propel the droplet forward.18 Pioneering works have 12 

shown that the system parameters defining the speed19, direction,20 and trajectory16,21 of the 13 

droplets are the concentration and chemical structure of the amphiphile, as well as the size of 14 

the motile droplets and the viscosity of the medium in which they move. However, encoding a 15 

repertoire of complex behavior remains an ongoing challenge for artificial motile systems.22   16 

An essential typical feature of microorganisms is their ability to halt and resume their run. These 17 

motile patterns support bacterial search for favorable conditions.23 For example, Synechocystis 18 

cyanobacteria adapts its speed to the light intensity, so it can stay longer in regions where the 19 

illumination is neither too low nor too strong, and these moderate illumination conditions are 20 

favorable to their survival.24,25 Biomolecular photo-switches are at the origin of this complex 21 

behavior: light triggers the all-trans isomerization of retinal and this signal is photo-transduced 22 

via relay systems, until an enzymatic response eventually halts the movement.  23 

Here, we show that the operation of artificial molecular photo-switches allows encoding 24 

complex motility in droplets, including run-and-halt and photokinetic behavior. We use an 25 

amphiphilic switch (Azo) and show that the trans-Azo isomer sets the droplets in motion while 26 

cis-Azo stalls the movement (Figure 1). The system also evolves photokinesis, as the speed of 27 

the droplets depends on the illumination dose they have received.  28 
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Figure 1. Run-and-halt behavior of motile droplets in response to light. A) An oil droplet 2 

immersed in an aqueous solution of amphiphilic switch responds to changes in illumination 3 

with run-and-halt behavior. B) Reversible photoisomerization of the Azo switch in response to 4 

light. Supramolecular aggregates of the trans-switch solubilize the droplet into water, thus 5 

creating flows that set the droplet in motion. A moving droplet leaves a trail of vesicles, with 6 

oil molecules incorporated into their membranes. Upon irradiation with UV light (λ = 365 nm), 7 

the switch photo-converts into the cis-form, and movement stops. The droplet picks up its run 8 

once visible light is switched on again.   9 
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RESULTS AND DISCUSSION 1 

Molecular switches convert light energy into mechanical work,26,27 and they can develop 2 

asymmetry at the interface of the droplets.28 Azobenzene photoswitches have been used before, 3 

to interfere with moving patterns of droplets or solid particles in water.29,30,31,32 The azobenzene 4 

used in our study is functionalized with a hydrophobic tail (the synthetic procedure and 5 

characterization are shown in the Supplementary Information, and in Supplementary Figures 6 

S1 and S2). This switch undergoes a trans-to-cis isomerization upon irradiation with UV light 7 

(λ = 365 nm). The back cis-to-trans conversion occurs spontaneously at room temperature, and 8 

can be accelerated by irradiation with visible light (Supplementary Figure S3).33 The critical 9 

micellar concentration of trans and cis isomers are 0.5 mM and 1.2 mM, respectively 10 

(Supplementary Figure S4 and Supplementary Table S1). These values of critical micellar 11 

concentration agree with literature reports.34  12 

Above a minimal concentration, the switches form micelles that can solubilize small volumes 13 

of the oil droplets into water. This solubilization of oil droplets by the switches modifies the 14 

interfacial tension of the droplet locally, at random positions, which leads to symmetry breaking 15 

events and ultimately propels the droplet forward.35,36 Liquid crystals are commonly used for 16 

the design of motile droplets in water,36 and here we use a nematic liquid crystal (4′-pentyl-4-17 

biphenylcarbonitrile), hereafter referred to as the oil. Monodisperse droplets of oil were 18 

produced using microfluidic devices, with sizes ranging from 35 µm to 185 µm (Supplementary 19 

Figure S5). The droplets were transferred to a closed chamber containing the aqueous solution: 20 

Milli-Q water in which Azo has been dissolved, and to which D2O has been added to adjust the 21 

density of the aqueous solution to that of the droplets. 22 

In a solution of trans-Azo, the droplets move in all directions autonomously (Figure 2A), 23 

provided that the concentration of the Azo amphiphile is above a concentration that we call 24 

critical propulsion concentration37 (CPCtrans = 0.8 mM), which is typically higher than the 25 

critical micellar concentration (CMCtrans = 0.5 mM). We found that increasing the concentration 26 

of trans-Azo amphiphile leads to an increase in the average speed of the oil droplets because 27 

the concentration of micelles that fuel motility increases with the concentration of switch 28 

(Figure 2B). 29 
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In contrast, the presence of cis-Azo in solution does not initiate droplet movement at any 1 

concentration, across the entire range. This microscopic behavior has a molecular origin that 2 

can be understood from the properties of the amphiphilic switch. Cis azobenzenes are less 3 

compatible with liquid crystalline molecules than trans azobenzenes,38,39 because the bent 4 

shape and high dipole moment of the cis isomer make it more hydrophilic.40,41 The cis isomer 5 

is thus not as effective a surfactant as the trans isomer, as confirmed by surface tension 6 

measurements (Supplementary Figure S6) and interfacial tension measurements ( = 15 7 

mN/m, Figure 2C). This difference in surfactant properties is further evidenced by the fact that 8 

trans-Azo requires to reach a lower critical micellar concentration, before it self-assembles. 9 

When injected in a trans-Azo solution, the droplets run in any direction. The droplets stop 10 

moving under illumination with UV light, as the switch converts from trans to cis 11 

(Supplementary Video 1 and Supplementary Figure S7). Motility is restored with visible light 12 

illumination, which accelerates the cis-to-trans relaxation. Run-and-halt cycles could be 13 

repeated up to six times by alternating illumination with UV and visible light (Figure 2D).  14 

 15 
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Figure 2. Run-and-halt behavior of droplets in an aqueous solution of amphiphilic switch. 2 

A) Trajectory of an oil droplet in a 2 mM trans-Azo solution in water. The whole trajectory 3 

takes 17 min. The black squares pinpoint positions where the droplet halts, as a response to 4 

illumination with UV light. Droplet run is resumed by irradiation with visible light. B) Average 5 

speed of the droplets with increasing concentration of trans-Azo (red) and cis-Azo amphiphile 6 
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(black). Each data point is an average of five measurements (error bars represent standard 1 

deviation). The droplets were ~ 140 µm in diameter. C) Interfacial tension measured at the 2 

interface of oil and an aqueous solution of either trans-Azo or cis-Azo. Measurements were 3 

performed at 20oC. D) Run-and-halt behavior can be repeated six times by alternating 4 

illumination. Data shown for a 135 µm diameter droplet in a 5 mM Azo solution. E) The 5 

droplets accelerate during illumination with visible light. Data shown for a 135 µm diameter 6 

droplet in a 5 mM Azo solution. 7 

 8 

Systematic size dependent investigations show that the possibility of run-and-halt behavior is 9 

dependent on both the diameter of the droplets and Azo concentration in water. Specifically, 10 

run-and-halt can be observed for droplets ranging between 30 µm and 180 µm in diameter, 11 

under the condition that trans-Azo is sufficiently concentrated (Figure 3).  12 

Larger droplets propel faster, which agrees with what is known for chemically-fueled motile 13 

droplets, as bigger droplets can maintain a larger gradient of interfacial tension.42 Upon visible 14 

light irradiation, cis-to-trans conversion allows the active trans-isomer to reach critical 15 

propulsion concentration, and a gradient in interfacial tension can be formed and sustained, that 16 

will make the droplets move.  17 

 18 

Figure 3. The motile behavior of the droplets depends on their size and the concentration 19 

of the amphiphilic Azo switch. The purple area corresponds to conditions in which run-and-20 

halt behavior is observed. The pink area corresponds to conditions where run-and-halt behavior 21 

is not observed, because the shape of the droplets is not preserved upon cis-to-trans conversion 22 

of the amphiphilic switch. The larger the circles, the faster the droplets. 23 
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When the oil droplets are too small, they do not display run-and-halt behavior: they do propel 1 

in a trans-Azo solution and halt upon trans-to-cis photo-conversion. However, when irradiated 2 

with visible light, they do not pick up movement again, which means that the gradual cis-to-3 

trans photo-conversion is too slow to induce a substantial gradient of interfacial tension. 4 

Instead, the droplets lose their spherical integrity, before the interfacially-active trans isomer 5 

reaches the minimal concentration that is required for propulsion. Analysis of the droplet speed 6 

during run-and-halt behavior shows that the droplets accelerate in the course of illumination 7 

with visible light (Figures 2D,E). This acceleration loosely follows the increase in concentration 8 

of trans-Azo and is analogous to positive photokinesis, in which the speed of microorganisms 9 

adapts to changes in the illumination conditions.  10 

In this system, the micelles formed by trans-Azo are the fuel for movement. At low 11 

concentrations, trans-Azo forms spherical micelles with a diameter of ~4.7 nm (Supplementary 12 

Figure S8), and at higher concentrations it forms worm-like micelles (Figure 4A). In contrast, 13 

cis-Azo forms only spherical micelles, with a diameter of ~3.6 nm (Supplementary Figures 14 

S8D, S8E, S8F).43 The diameter of the cis-micelles is smaller than that of the trans-micelles 15 

because the cis-switch is shorter than the trans-switch (0.9 nm vs 0.5 nm).44 The fact that both 16 

forms of the switch form micelles with different geometries is a signature of their difference in 17 

shape and polarity, and constitutes additional evidence for their different effectiveness in 18 

solubilizing the oil from the droplets.  19 

Waste is found in the trail of the moving droplets, in the form of giant vesicles (Figure 4). The 20 

formation of vesicles was previously observed in systems where a chemical reaction at a droplet 21 

interface yields a new vesicular amphiphile,45 whereas in our system the vesicles are waste 22 

material, with a bilayer in which both the trans-Azo and the oil removed from the droplet co-23 

exist. These vesicles shrink when irradiated with UV light and eventually they collapse into 24 

small oil droplets (Supplementary Figure S9). Such vesicles carrying oil in their bilayer can 25 

release oil molecules in response to illumination with UV light, and we anticipate that this 26 

mechanism may be exploited for drug delivery purposes.46 27 
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 1 

Figure 4. Supramolecular aggregates of amphiphilic switch drive droplet motion, and 2 

giant vesicles are produced as waste. Cryo-TEM images of cis-aggregates (left) and trans-3 

aggregates (center) formed in a 7.5 mM Azo solution, in the absence of oil droplets. After 4 

droplet movement has occurred, waste vesicles are found in the trail of the droplets (right). 5 

Scale bars correspond to 100 nm.  6 
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In patchy light environments, positive photokinesis results in accumulation of swimming cells 8 

in low light areas.25 We consequently set off to research the effect of localized irradiation with 9 

visible light, on the behavior of a population of droplets. In a circular chamber filled with a 10 

solution of cis-Azo, the droplets are not moving (Figure 5A and Supplementary Video 2). Upon 11 

localized illumination with visible light (λ=455 nm for 10s), a circular area is created, in which 12 

there is a high concentration of trans-Azo. Illumination with visible light was kept short, to 13 

avoid light-driven diffusio-osmosis47 or chromo-capillary effects.48 Droplets located within this 14 

area started moving actively, while the droplets located far from this area keep stationary 15 

(Figure 5A). This observation agrees with the notion that only trans-aggregates can act as fuel 16 

for droplet motion. We note that thermal effects are negligible here, as the irradiation is short 17 

and heat transfer is much faster than diffusion of molecules. A systematic analysis of droplet 18 

movement in the area that has been illuminated shows that the droplets are trapped in that circle, 19 

with a tendency to remain at the interface with the dark zone (Figure 5A. Stationary droplets 20 

that are in the vicinity of the central area that was exposed to visible light, start moving towards 21 

it (Figure 5B), after a short lag moment (Supplementary Figure S10). This experiment was 22 
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repeated several times (Supplementary Figure S11, and Supplementary Video 3). Overall, we 1 

show that patchy illumination with visible light results in the motile droplets accumulating 2 

preferentially at the interface between the area that has been illuminated and the area that has 3 

stayed in the dark.  4 

 5 

Figure 5. Motility patterns in patchy conditions of illumination. A) Optical microscopy 6 

image of a chamber showing the initial position of the droplet, and their trajectory during 7 

movement. The time scale of the experiment is 114 min. Initially, oil droplets are injected into 8 

the chamber filled with cis-Azo solution and the chamber is sealed. A circular spot in the 9 

chamber, indicated by black dashed line, is then briefly irradiated with visible light (λ = 455 10 

nm), directly through the microscope, and subsequently the video starts. B) Evolution of the 11 

mean square displacement in time shows that droplets in the area that has been illuminated start 12 

moving shortly after irradiation with visible light has occurred. Outside that zone, droplets 13 

move directionally towards the area that has been illuminated, except if they are too far away 14 

in the dark zone. Overall, the motile droplets tend to end their motile behavior at the periphery 15 

of the illuminated areas.  16 

CONCLUSION 17 

We show that oil droplets evolve run-and-halt behavior in water, in response to light. The 18 

aqueous solution includes an artificial molecular switch that is also an amphiphile, and thus 19 

forms micelles in water. Run-and-halt behavior relates to the fact that the two photo-isomers 20 

have different interactions with the oil molecules, and, specifically, the trans-switch solubilizes 21 
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the oil whereas the cis-switch does not solubilize the oil in the time frame of the experiments. 1 

The propensity of the droplets to display run-and-halt behavior depends on their diameter and 2 

the concentration of switchable amphiphile in water. Further, when their environment involves 3 

patches of visible light, the droplets accumulate in regions at the interface between the dark 4 

areas and those that have been exposed to visible light. Approaches involving artificial 5 

molecular motors and switches are both effective in controlling the dynamics of motile systems, 6 

and relevant to the study of how purposeful movement can emerge in autonomous minimal 7 

compartments. Our findings may thus contribute to an improved understanding for how 8 

molecular scale events can translate across length and time scales, into dynamic functionality 9 

and useful motion. 10 

 11 
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EXPERIMENTAL SECTION 1 

Production of oil droplets 2 

Monodisperse oil droplets were produced by using a home-made microfluidic device (details 3 

can be found in the Supplementary Information). Nematic liquid crystal 4′-pentyl-4-4 

biphenylcarbonitrile (5CB) was purchased from Synthon Chemicals. The oil droplets of 5CB 5 

were produced in a 2 wt/v% aqueous solution of polyvinyl alcohol (Sigma). Droplets were 6 

produced by using microfluidic chips of different channel sizes [30 µm - 200 µm] and by 7 

adjusting the relative flow rates of the oil and aqueous phases.  8 

Motility experiments  9 

A 60 µL aqueous solution of Azo was introduced into a chamber prepared by attaching a 1 mm-10 

thick silicone film (Electron Microscopy Sciences) with a circular well of 9 mm diameter on a 11 

microscopy glass slide. A volume of 6 µL of dispersion containing  3-5 droplets was then 12 

introduced into the chamber. The glass cover was then sealed using a glass cover slip, to prevent 13 

evaporation and any external flows affecting the experiment. An Eclipse LV100N POL (Nikon) 14 

optical microscope equipped with a DS-Fi3 (Nikon) camera was used to record the videos. All 15 

captured videos were analyzed as described in the Supplementary Information. 16 

The sealed chamber was irradiated with UV light (Thorlabs LED, λ=365 nm, 27.7 mW/cm2) 17 

until the droplets stopped propelling. Visible light illumination was provided by the white light 18 

of the microscope (3.2 mW/cm2 measured at λ=455 nm). The light intensity was measured using 19 

a PM-100D power meter (Thorlabs) equipped with a thermal power sensor.  20 

For the patchy light environment, a chamber filled with Azo solution was first irradiated with 21 

UV light, until the photostationary state was reached. The LED was then switched off, the oil 22 

droplets were injected, and the chamber was sealed. Irradiation of the chamber with visible light 23 

was performed by shining an LED lamp through the microscope for ~10 s (LED Thorlabs, λ = 24 

455 nm, 10.4 mW/cm2), so that there was no need to move the sample. The irradiation area was 25 

controlled by the iris field diaphragm of the microscope and was ~3.5 mm in diameter. During 26 

observations under the microscope, a low band filter ( < 550 nm) was used to prevent 27 

unwanted cis-to-trans photo-isomerization.  28 

 29 
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SUPPLEMENTAL INFORMATION 1 

Supplemental information containing methods, synthesis, and characterization of the 2 

azobenzene switch, determination of critical micellar concentration and surface tension, cryo-3 

electron microscopy measurements and image processing can be found online.  4 
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