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Chapter 5 

RUN-AND-HALT BEHAVIOR IN RESPONSE 

TO LIGHT 

Microscopic motion is a vital collective property that can emerge in systems of 

interacting molecules. Unraveling the mechanisms underlying such a motion requires 

coupling the chemistry of molecules with physical processes that operate at larger 

length scales. Here, we show that photo-active micelles composed of molecular 

switches can gate the autonomous motion of oil droplets in water. These micelles 

switch from large trans-micelles to smaller cis-micelles in response to light, and only 

the trans-micelles can be used as fuel for the motion. Ultimately, it is thus light, in 

combination with the solute-solute and solute-solvent interactions in the system that 

controls the movement of the droplets, via the photo-chemistry of the molecules 

composing the micelles used as fuel. Notably, the droplets evolve positive 

photokinetic movement and, in patchy light environments, they preferentially move 

towards peripheral areas as a result of the difference in illumination conditions at the 

periphery. Our findings demonstrate that engineering the interplay between 

molecular photo-chemistry and microscopic motility allows designing motile systems 

rationally.  

 

 

 

 

This chapter is published as: Ryabchun, A., Babu,D., Movilli, J., Plamont, R., Stuart, 

M.C.A, and Katsonis, N. Run-and-halt behavior of motile droplets in response to light. 

Chem 8, 2290-2300 (2022). 
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5.1 Introduction  

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

the survival of microorganisms. Besides adapting the direction of their swim by 

chemotaxis1 and phototaxis2, several bacteria and algae can also adapt the speed of 

their swim to the magnitude of a stimulus, a phenomenon known as photokinesis3.. 

Photokinesis allows swimming cells to stay longer, in regions where the illumination 

conditions are the most favorable4,5,6. Molecular photo-switches are at the origin of 

this complex behavior: light triggers thall-trans isomerization of retinal and this signal 

is transduced via relay systems7. 

 

Unravelling the mechanisms by which adaptive movement can emerge in ensembles 

of molecules requires developing minimalistic molecular systems that move 

autonomously8 such as droplets9,10,11, liposomes12, stomatocytes13,14 and protocells15.  

We focus on the movement of oil droplets in aqueous lipid solutions. The mechanism 

by which such droplets evolve chemotactic movement in aqueous solutions of lipids 

has been well described16,17, and reviewed recently18. Essentially, micelles formed by 

lipids in water take up droplet molecules into their hydrophobic core. This 

solubilization process breaks the homogenous lipid coverage of the droplet by 

depletion, and a gradient in interfacial tension is thus created at the interface. The 

subsequent rearrangement of the lipids at the interface induces a flow both inside and 

outside the droplet, and the combination of these flows propels the droplet forward. 

Motile droplets driven by interfacial flows have already demonstrated biomimetic 

motion along helical trajectories,19,20,21 and predator-prey behavior 22. 

 

Here, we show that the photo-chemistry of molecular switches is at the origin of 

complex motility patterns, including run-and-halt motion and photokinetic behavior, 

in systems of interfacially-propelled droplets. In our work, the molecular switches are 

directly involved in the photo-active micelles that fuel the motion – as opposed to 

mediating a change in interfacial tension of the overall system, as reported for other 

droplets23,24. We also found out that the geometry of the micelles impacts substantially 

the effectiveness of micellar solubilization, and therefore controls whether propelling 

flows can emerge or not. Overall, the work shows that photo-chemical reactions, 

operating from the molecular scale upwards, can communicate with the motion of 
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ensembles in synthetic systems, and thus contributes to our understanding of how the 

movement of ensembles can emerge from the rules of molecular chemistry. 

 

5.2 Results and discussion  

5.2.1. Droplet motion in the presence of one of the switch isomers  

In aqueous solutions of lipids, droplets move autonomously because micelles 

solubilize them gradually into the water. In our work, these micelles are formed by 

lipid switches. The solubilization of the droplet by the micelles modifies the interfacial 

distribution of the lipid switches present at the droplet-water interface, and resulting 

gradients of interfacial density of lipids are associated with gradients of interfacial 

tension. These gradients initiate internal and external Marangoni flows that propel the 

droplet forward25,26. The system parameters defining the speed27, direction28, and 

trajectory29 of the droplets are the concentration and chemical structure of the lipids, 

as well as the size of the motile droplets and the viscosity of the aqueous solution in 

which they move.  

 

 
 

Figure 1. Run-and-halt behavior of motile droplets in response to light. 
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a, An oil droplet immersed in an aqueous solution of lipid switch displays run-and-halt 

behavior in response to light. b, Reversible isomerization of the azobenzene switch in 

response to light. Supramolecular aggregates of the trans-switch solubilize the droplet 

into the water, thus creating flows that set the droplet in motion. A moving droplet 

leaves a trail of vesicles that incorporate oil molecules in their membranes. Upon 

irradiation with UV light (λ = 365 nm), the switch photo-converts into the cis-form, and 

movement stops. The droplet picks up its run once the visible light is switched on 

again.  

 

 

Molecular switches can contribute to the engineering of complex movement at 

increasing length scales30,31,32. For example, spiropyran switches produce protons in-

situ, which accounts for an environmental change that can induce droplet movement 
33,34. In contrast, azobenzene switches respond to light with substantial changes in their 

shape and dipolar moment. We use an azobenzene switch that forms micelle in water 

(Figure 1). The synthetic procedure and characterization of this molecule are provided 

in the Methods section (Figures S1, S2). This switch undergoes a trans-to-cis 

isomerization upon irradiation with UV light (λ = 365 nm). The back cis-to-trans 

conversion occurs at room temperature spontaneously and can be accelerated by 

irradiation with visible light (Figure S3)35.  

 

The critical micellar concentration of the trans-isomer and cis-isomer are CMCtrans = 

0.5 mM and CMCcis = 1.2 mM, respectively (Table S1 and Figure S4). These values are 

in good agreement with literature reports24.  Above a minimal concentration, the 

switches form micelles that promote the solubilization of the oil, from the droplets 

into the water, resulting in a decrease in droplet size. The diameter of a droplet is 

reduced by ~5% after ~30 min of motility (Figure S5a). Micellar solubilization leads to 

symmetry-breaking events, because it modifies the interfacial tension of the droplet 

at random positions, and ultimately the droplet propels forward16,36. Here the oil 

droplets are liquid crystal droplets of 4′-pentyl-4-biphenylcarbonitrile. Liquid crystals 

typically show Marangoni motility in soapy water37. The monodisperse droplets were 

produced in a microfluidic set-up, with sizes ranging from 35 µm to 185 µm (Figure 

S5b). The droplets were then transferred to a closed chamber containing an aqueous 

solution of azobenzene. The density of the aqueous solution was adjusted to that of 

the droplets by addition of D2O. 
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In a solution of trans-azobenzene, the droplets move in all directions (Figure 2a), 

provided that the concentration of the switch is above a given concentration that we 

define as the critical propulsion concentration27 (CPCtrans = 0.8 mM). The critical 

propulsion concentration is typically larger than the critical micellar concentration 

(CMCtrans = 0.5 mM). Visually, the shape of the droplet fluctuates as it moves. These 

shape-fluctuations are likely a consequence of combined effects: in a system where 

strong Marangoni flows dominate, a strong coupling38 is established between the 

liquid crystal droplet and the trans-azobenzene that also has a liquid crystalline 

character. Because of this coupling, the interfacial flows can overcome the interfacial 

tension forces, and the shape of the droplet is thus modified. Recent literature shows 

that the coupling between a liquid crystal droplet and its liquid crystalline environment 

is substantial, and can lead to droplet shape changes39. One recent research reports 

that droplets can change shape in response to a temperature-induced decrease in 

interfacial tension40. 

 

We found that increasing the concentration of trans-azobenzene leads to an increase 

in the average speed of the droplets, likely because the concentration of micelles that 

fuel motility increases with the concentration of switch in water (Figure 2b). In contrast, 

the presence of the cis-form in solution does not initiate droplet movement at any 

concentration, across the entire range. This motile behavior has a molecular origin 

that can be understood from the properties of the lipid switch. The cis-azobenzene is 

less compatible with liquid crystalline organizations than the trans-azobenzene41,42, 

because the bent shape and high dipole moment of the cis-isomer make it more 

hydrophilic43,44. The cis-isomer is thus not as effective a surfactant as the trans-isomer, 

as confirmed both by interfacial tension measurements (Dg = 15 mN/m, Figure 2c) and 

surface tension measurements (Figure S6). This difference in surfactant properties is 

further evidenced by the fact that the critical micellar concentration of the trans-form 

is lower than that of the cis-form. Moreover, and for the same reasons, the cis-isomer 

is less compatible with liquid crystalline organizations45,42. 
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Figure 2. Insights into the run-and-halt behavior of droplets. 

a, Trajectory of an oil droplet in a 2 mM trans-azobenzene aqueous solution. The 

trajectory corresponds to 17 min of movement. The black squares points to the 

positions where the droplet halts, as a response to illumination with UV light. Droplet 

run is resumed by irradiation with visible light. Scan QR code to watch the associated 

movie. b, Average speed of the droplets with increasing concentration of trans-

azobenzene (red) and cis-azobenzene switch (black). Each data point is an average of 

five measurements (error bars represent standard deviation). The droplets were ~ 140 

µm in diameter. c, Interfacial tension measured at the interface of oil and an aqueous 

solution of either trans-azobenzene or cis-azobenzene. Measurements were 

performed at 20oC. d, Run-and-halt behavior can be repeated six times by alternating 

illumination. The data is shown for a 135 µm diameter droplet moving in a 5 mM 

azobenzene solution. e, The droplets accelerate during illumination with visible light. 

Data are shown for a 135 µm diameter droplet in a 5 mM azobenzene solution. 

 

 

5.2.2. Run-and-halt of the motile droplets in response to light 

In a trans-solution, the droplets run in any direction. They stop moving shortly after 

illumination with UV light, as the switch converts from trans to cis (Figure S7). Motility 

is restored with reversible cis-to-trans photo-isomerization. The re-establishment of 
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movement takes longer than stopping the movement because cis-to-trans photo-

conversion is performed by the polychromatic light of the microscope (~3.2 mW/cm2). 

Run-and-halt cycles could be repeated up to six times by alternating illumination with 

UV and visible light (Figure 2d). We note that in our system, the possibility of run-and-

halt behavior is dependent on both the diameter of the droplets and the concentration 

of switch in water. Specifically, run-and-halt can be observed for droplets ranging 

between 30 µm and 180 µm in diameter, under the condition that the trans-

azobenzene is sufficiently concentrated (Figure 3a). 

 

 

Figure 3. Systems parameters governing the movement of the droplets.  

a, The possibility of run-and-halt behavior depends on the size of the droplets, and 

on the concentration of azobenzene in water. The purple area corresponds to 

conditions in which run-and-halt behavior is observed. The pink area corresponds to 

conditions where run-and-halt behavior is not observed because the shape of the 

droplets is not preserved upon cis-to-trans conversion of the switch. The size of the 

circles scales with the speed of the droplets as measured experimentally. b, Optical 

microscopy images showing motile oil droplets, under visible light illumination. The 

scale bar corresponds to 50 µm.c, Small droplets undergo shape transformation, and 

further decomposition, under visible light illumination. The scale bar corresponds to 

50 µm. 

 

 

Droplet diameter (µm) 

Li
pi

d 
co

nc
en

tr
at

io
n 

(m
M

)

Shape changes Run-and-halt

Speed 
(µms-1) 6 15 24 33

30 60 90 120 150 180
0

1

2

5

UV

a

c

b

Vis

UV Vis



  Chapter 5 

 100 

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

motile droplets, as bigger droplets can maintain a larger gradient of interfacial 

tension46.  Upon visible light irradiation, cis-to-trans conversion allows the active trans-

isomer to reach critical propulsion concentration, and a gradient in interfacial tension 

can be formed and sustained, which will make the droplets move (Figure 3b). Analysis 

of the droplet speed during run-and-halt behavior shows that the droplets accelerate 

in the course of illumination with visible light (Figures 2d, Figure 2e). This acceleration 

loosely follows the increase in the concentration of trans-azobenzene and is analogous 

to positive photokinetic behavior, in which the speed of microorganisms adapts to 

changes in the illumination conditions.  

 

If the oil droplets are too small, they do not display run-and-halt behavior: in that case, 

they do propel in a concentrated trans-solution, and they halt upon trans-to-cis photo-

conversion. However, when irradiated with visible light, they do not pick up 

movement again, and instead, they lose their spherical integrity (Figure 3c). This shape 

transformation tends to indicate that the progressive cis-to-trans photo-conversion is 

too slow to induce a substantial gradient of interfacial tension in small droplets. In 

recent work, a small decrease in interfacial tension was proven sufficient to modify the 

shape of liquid crystal droplets substantially40,47. 

 

The trans-micelles are those fueling the droplet movement. At low concentrations, 

this isomer forms spherical micelles with a diameter of ~4.7 nm and at higher 

concentrations, it forms larger micellar aggregates (Figure 4). In contrast, the cis-

azobenzene forms only spherical micelles, with a diameter of ~3.6 nm (Figure S8)48. 

The diameter of the cis-micelles is smaller than that of the trans-micelles, likely 

because the cis-switch is shorter than the trans-switch (~0.9 nm vs ~0.5 nm)49. The fact 

that both forms of the switch form micelles with different size and geometry is a 

signature of their difference in shape and polarity, and constitutes additional evidence 

for their differential effectiveness in solubilizing the oil from the droplets.  
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Figure 4. Photo-active micelles are the fuel that drives droplet motion. 

a, The micelles that are formed by the trans-azobenzene switch are the fuel that drives 

the motion of the droplets. Giant vesicles are produced as waste of this motion, and 

never observed before propulsion. Cryo-TEM images of cis-micelles (left) and trans-

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

droplet movement has occurred, vesicles are found (right). The scale bars corresponds 

to 100 nm. b, Fluorescence microscopy shows that the aggregates formed as waste, 

in the trail of moving droplets, are vesicles and these vesicles are photo-responsive 

Here the droplets were doped with Nile Red, and propelled in a 5mM trans-solution. 

The scale bar corresponds to 20 µm.  

 

 

Giant vesicles are formed in the trail of the moving droplets, and can thus be 

considered the waste of the motile process. It is likely that both the trans-form and 

the oil removed from the droplet co-exist in the bilayer of these vesicles (Figure 4a, 

Figure 4b). We conclude that micelle-to-vesicle transition occurs upon solubilization 

of the oil from the droplets. We anticipate that this transition occurs because once 

solubilized from the drops into the micelles, the oil molecules are likely to be localized 

in the interior of trans-micelles (close to the azobenzene fragment), thus increasing 

the volume of the hydrophobic tail, which favors the formation of larger aggregates 

with lower curvature i.e., vesicles. Micelle-to-vesicle transition upon addition of 

organic molecules to charged micelles has been reported before50.  
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During illumination with UV light, trans-to-cis photoconversion of the azobenzene 

takes place. The cis-form is more soluble than the trans-form, which explains why UV-

irradiation of trans-micelles leads to vesicular collapse. Figure S9 shows sequential 

optical microscope images of the trans-vesicles illuminated with UV light. Overall, UV 

irradiation removes the surfactant from the vesicles because the cis-form is more 

soluble. The collapse of these vesicles carrying oil in their bilayer, under illumination, 

indicates that they can act as carriers that release oil molecules in response to 

illumination with UV light. We anticipate that this mechanism may be exploited for 

drug delivery purposes.51 In previous reports, vesicles were involved in motile systems 

where a chemical reaction at a droplet interface yields a new vesicular lipid,52 however 

here the vesicles constitute waste material.  

 

 

Figure 5. Motility patterns in a patchy light environment. 

a, Optical microscopy image of a chamber showing the initial position of the droplet, 

and their trajectory during movement. The time scale of the experiment is 114 min. 

Initially, oil droplets are injected into the chamber filled with cis-solution and the 

chamber is sealed. A circular spot in the chamber, indicated by the black dashed line, 

is then briefly irradiated with visible light (λ = 455 nm), directly through the 

microscope, and subsequently, the video starts (scan QR code to watch the associated 
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movie). b, Evolution of the mean square displacement in time shows that droplets in 

the area that has been illuminated start moving shortly after irradiation with visible 

light have occurred. Outside that zone, droplets move directionally towards the area 

that has been illuminated, except if they are too far away in the dark zone. Overall, 

the motile droplets tend to end their motile behavior at the periphery of the 

illuminated areas.  

 

 

5.2.3. Photokinetic motion of droplets in a patchy light environment  

In patchy light environments, positive photokinetic behavior concentrates the 

swimming cells in mid-low light areas6. We consequently set off to research the effect 

of localized irradiation with visible light, on the behavior of a population of droplets. 

In a circular chamber filled with a cis-solution, the droplets are not moving (Figure 5a). 
Upon localized illumination with visible light (λ = 455 nm for 10s), a circular area is 

created, in which there is a high concentration of trans-azobenzene. Illumination with 

visible light was kept short, to avoid light-driven diffusio-osmosis53 or chromo-capillary 

effects54. Droplets located within this area started moving actively, while the droplets 

located far from this area keep stationary (Figure 5a). This supports the observation 

that only trans-aggregates can act as fuel for droplet motion. We note that thermal 

effects from irradiation are negligible, as the irradiation is short and heat transfer is 

much faster than the diffusion of molecules. Moreover, the half-life time of the cis-

isomer exceeds 20 h at room temperature35, therefore cis-to-trans relaxation is 

negligible in the UV pre-exposed area. Analysis of droplet movement in the area that 

has been illuminated shows that the droplets are trapped, with a tendency to remain 

at the interface with the dark zone (Figure 5a). Stationary droplets that are in the 

vicinity of the central area that was exposed to visible light, start moving towards it 

(Figure 5b), after a short lag moment (Figure S10). Overall, we show that patchy 

illumination with visible light results in the droplets accumulating preferentially at the 

interface between the two areas that have been submitted to a different history of 

illumination conditions. 

 

 

 

 



  Chapter 5 

 104 

5.3 Conclusion 

Our work shows that photo-active micelles can be used as switchable fuel to impart 

complex motility to microscopic droplets in water. The molecular switches are thus 

directly involved as fuel for the motion – in contrast to state-of-the-art research, where 

the role of the switches is limited to the in-situ production of protons, which accounts 

for an environmental change. In our system, run-and-halt behavior emerges because 

only the trans-micelles can solubilize the oil droplets and thus create propelling flows. 

This behavior also provides insight into the mechanism supporting the movement of 

the droplets, namely that droplet movement can be gated at the supramolecular level, 

by photoactive micelles. The geometry and size of the micellar assemblies are thus 

key to mediating the transmission of movement across length scales.  

 

Further, when their environment involves patches of visible light, the droplets 

accumulate in regions at the interface between the dark areas and those that have 

been exposed to visible light. The photo-chemistry of molecular switches can thus 

promote the emergence of complex motile patterns in droplets, including not only 

run-and-halt motion but also photokinetic movement, which are both reminiscent of 

the behavior of swimming cells. Ultimately, it is light that controls the movement of 

these liquid compartments, via the micelles used as fuel. This interplay between light 

and the motion of molecular ensembles may become relevant in future studies related 

to the emergence of the movement in life-like systems and molecular materials. We 

conclude that artificial molecular switches are effective in bridging photo-chemistry 

with the swim of active microscopic particles. Further investigations of the interplay 

between molecular chemistry and the behavior of active systems may lead to an 

improved understanding of how molecular scale events can translate across length 

and time scales, into the coordinated motion of molecular ensembles. 
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5.4 Methods 

5.4.1. Synthesis of azobenzene switch 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel60 F254. 

Products were confirmed by ultraviolet light (254 or 366 nm) and stained with dyeing 

reagents (potassium permanganate aqueous solution). Flash chromatography was 

performed on Combiflash® Companion or with Merck silica gel 60 (230-400 mesh). 
1H spectra were recorded at ambient temperature on Bruker AscendTM 400 

spectrometers operating at 400 MHz. Solvent residual signals were used as internal 

standard. Chemical shifts (δ) and coupling constants (J) are given in ppm and Hz 

respectively. The synthesis procedure used here was adapted from literature55.  

 

4-Butyl-4’(6-Bromohexyloxy) azobenzene (1, Figure S1) 2.5 g of 4-Butyl-4’(hydroxy) 

azobenzene (10 mmol; 1eq.) and 4,6 mL of 1,6-dibromohexane (7.3 g, 30 mmol, 3eq.) 

were dissolved in 70 mL EtOH containing 1 g NaOH (25 mmol; 2,5 eq.). The reaction 

mixture was then refluxed for 16 h. The NaBr precipitate was removed by filtration of 

the hot solution. The solution was condensed under reduced pressure and the residue 

was recrystallized from ethanol. The 3 g (72% yield) of resulting orange crystals were 

used without further purification. 
1H NMR (CDCl3, 400 MHz) δ= 0.94 (t, 3H, J= 7.34 Hz), 1.37-1.91 (m, 12H), 2.68 (t, 2H, 

J= 7.71 Hz), 3.44 (t, 2H, J= 6.75 Hz), 4.04 (t, 2H, J= 6.39 Hz), 6.99 (d, 2H, J= 8.91 Hz), 

7.30 (d, 2H, J= 8.23 Hz), 7.80 (d, 2H, J= 8.26 Hz), 7.89 ppm (d, 2H, J= 8.89 Hz). 

 

4-Butyl-4’(6-trimethylaminohexyloxy) azobenzene (azobenzene switch, 2, Figure S1) 

To a solution of 1.5 g of 1 (3.6 mmol; 1 eq.) dissolved in 50 mL EtOH, 10.7 mL of a 

4.2 M NMe3 solution in EtOH (45 mmol; 12.6 eq.) was added. The reaction was 

refluxed for 16h. The solution was condensed under reduced pressure. Flash 

chromatography with CH2Cl2/MeOH (99:1) as eluent yielded 430 mg of pure 

compound (20% yield). 
1H NMR (CDCl3, 400 MHz) δ= 0.94 (t, 3H, J= 7.34 Hz), 1.37-1.52 (m, 8H), 1.82 (m, 4H), 

2.67 (t, 2H, J= 7.72 Hz), 3.44 (s, 9H), 3.63 (m, 2H), 4.04 (t, 2H, J= 6.04 Hz), 6.99 (d, 2H, 

J= 8.85 Hz), 7.30 (d, 2H, J= 8.21 Hz), 7.79 (d, 2H, J= 8.22 Hz), 7.89 ppm (d, 2H, J= 

8.80 Hz). 
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5.4.2. Production of oil droplets 

Oil droplets with a low size dispersity were produced by using a homemade 

microfluidic set-up (details can be found in the Supplemental Experimental 

Procedures). The nematic liquid crystal 4′-pentyl-4-biphenylcarbonitrile (5CB) was 

purchased from Synthon Chemicals. The oil droplets of 5CB were produced in a 2 

wt/v% aqueous solution of polyvinyl alcohol (Sigma). The droplets were produced by 

using microfluidic chips of different channel sizes (30 µm - 200 µm) and by adjusting 

the relative flow rates of the oil and aqueous phases. The microfluidic devices were 

prepared as previously reported56,57. Concisely, a 10:1 (v/v) mixture of PDMS and 

curing agent Sylgard 184 (DOW) was cast against silicon master with etched structures 

fabricated by photolithography in a cleanroom. After curing at 80 °C for 45 min, the 

PDMS chip on the silicon master was cooled down to room temperature, removed 

from the mold, and stored as it was. Before usage, a thin film of the same mixture 

PDMS:Sylgard 184 (10:1) was spin-coated on a microscope slide as an adhesion layer 

for the bonding of the PDMS chip and cured at 80° C for 13 min to obtain a closed 

microfluidic device. Prior to the droplet formation, the inner channels were activated 

by a plasma gun (Corona SB, Blackhole Labs) for 2 minutes and connected to a 

microfluidic flow control system (Fluigent MFCS-EZ) using appropriate connectors 

(Precision tips, Nordson EFD) and tubings (Tygon tubing, Cole-Parmer). The liquid 

crystal oil and the aqueous phase with stabilizing PVA (2.0 w/v %) flowed into the 

device at a controlled rate. Droplets with different diameters were produced by using 

microfluidic chips of different channel dimensions and by varying the relative flow 

rates between oil and aqueous phases during production. The dimension and the 

monodispersity of the produced oil droplet were checked by optical microscopy.  

 

5.4.3. Motility experiments 

A 60 µL aqueous solution of the azobenzene switch was introduced into a chamber 

prepared by attaching a 1 mm-thick silicone film (Electron Microscopy Sciences) with 

a circular well of 9 mm of diameter, on a microscopy glass slide. A volume of 6 µL of 

a dispersion containing » 3-5 droplets was then introduced into the chamber. The 

glass cover was then sealed using a glass coverslip, to prevent evaporation and any 

external flows affecting the experiment. An Eclipse LV100N POL (Nikon) optical 

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

All captured videos were analyzed as described in the Supplemental Experimental 
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Procedures. The sealed chamber was irradiated with UV light (Thorlabs LED, λ = 365 

nm, 27.7 mW/cm2) until the droplets stopped propelling. Visible light illumination was 

provided by the white light of the microscope (3.2 mW/cm2 measured at λ = 455 nm). 

The light intensity was measured using a PM-100D power meter (Thorlabs) equipped 

with a thermal power sensor. For the patchy light environment, a chamber filled with 

the aqueous solution of azobenzene was first irradiated with UV light, until the 

photostationary state was reached. The LED was then switched off, the oil droplets 

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

light was performed by shining an LED lamp through the microscope for ~10 s (LED 

Thorlabs, λ = 455 nm, 10.4 mW/cm2), so that there was no need to move the sample. 

The irradiation area was controlled by the iris field diaphragm of the microscope and 

was ~3.5 mm in diameter. During observations under the microscope, a low band 

filter ( λ < 550 nm) was used to prevent unwanted cis-to-trans photo-isomerization.  

 

5.4.4. Irradiation conditions used for photo-isomerization of azobenzene switch  

For all experiments, trans-cis photoisomerization of azobenzene was carried out by 

irradiation with UV light (Thorlabs LED, 365 nm, light of 27.7 mW/cm2) until PSS was 

reached. The cis-trans back isomerization was performed either with white light from 

the microscope (intensity measured at 455 nm was 3.2 mW/cm2) or using visible light 

(LED Thorlabs, 455 nm, intensity of 10.4 mW/cm2).    

 

5.4.5. UV-Vis spectroscopy and CAC determination 

UV-Vis absorption spectra at different azobenzene concentrations were recorded 

using a spectrometer HR2000+ (Ocean Optics) in a closed, transparent quartz cuvette 

with an optical path of 0.6. For the spectra of azobenzene in its cis-state, the total 

volume of the sample was pre-irradiated with collimated UV light (see Irradiation 

Condition section), perpendicular to the cuvette. The CAC determination for the trans 

configuration was performed according to a reported procedure58 plotting the peak 

shift of the π − π* absorption band of azobenzene, normalized with respect to λ = 345 

nm, as a function of surfactant concentration in solutions. 
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5.4.6. CMC determination by fluorescence spectroscopy 

Fluorescence spectra of varying azobenzene concentrations were measured using a 

Perkin Elmer FL6500 machine with the proper excitation and emission wavelengths 

optimized for 20 mM of Nile Red in Milli-Q (λex = 520 nm and 570 nm < λem < 730), 

using the common volume of 250 µl (dark cuvettes). The CMC determination was 

performed according to a reported procedure59 by plotting the maximum 

fluorescence intensity of Nile Red (645 nm, in water) versus the azobenzene 

concentration in solution. The x-value of the intersection point between the two linear 

fittings indicates the CMC. In the case of the CMC determination for the cis isomer, 

the solutions were pre-irradiated in a transparent cuvette before the measurement.  

 

5.4.7. Interfacial tension measurements 

The pendant drop method in a dark environment was used to measure the surface 

tensions at different interfaces. In the case of air/water measurements, water droplets 

(approx. 13 µl) containing azobenzene switch in either trans or cis configuration (at 

PSS state, see section Irradiation conditions used for photo-isomerization of 

azobenzene) were suspended in the air from a syringe needle. For water/oil interfaces, 

LC oil droplets (approx. 8 µl) were generated inside a transparent UV cuvette 

containing aqueous azobenzene solution in either trans or cis state (at PSS state, see 

the UV-Vis spectroscopy and CAC determination section). The images were captured 

20 seconds after the injections using the Kruss G10 Contact Angle Measuring 

Instrument equipped with a CCD camera. By using the drop profile of each image, 

surface tension values (g) at the air/liquid or liquid/liquid interface were calculated 

using the Young-Laplace relation (eq. S1)60:  

! = ∆$%&!"/(                                                                                   eq.S1 

where ∆ρ is the difference in density of the liquids, g = 9.8 m/s2 , and R0 is the initial 

radius of the drop. The variable β, which is defined as β = 0.12836 - 0.7577σ + 

1.7713σ2 - 0.5426σ3, is the shape factor and the value of σ was calculated from the 

drop images as described in literature60,61. 

 

5.4.8. Droplet tracking and data analysis 

Videos of run-and-halt motility were recorded at 5fps as described in the Motility 

experiments section in the main text. A homemade MATLAB script was used to extract 



  Chapter 5 

 109 

images from the recorded video after which the images were used to determine the 

position of a droplet (center of mass) in each image. The speed of motility was 

calculated by determining the distance traveled by each droplet between each frame. 

In the case of photo-induced chemotactic experiments, the 2D tracking software 

(Nikon AR - Analysis) was used to track individual droplets. The MATLAB script is 

available on request. 

 

5.4.9. Cryo-TEM experiments 

A few µL of trans-azobenzene solution were placed on holey carbon-coated copper 

grids (Quantifoil 3.5/1, Quantifoil Micro Tools, Jena, Germany). Grids containing the 

sample were vitrified in liquid ethane (Vitrobot, FEI, Eindhoven, The Netherlands) and 

transferred to an FEI T20 cryo-electron microscope equipped with a Gatan model 626 

cryo-stage operating at 200 keV. To image aggregates in the cis state, azobenzene 

solutions were irradiated with UV light prior to the vitrification in liquid ethane. A slow-

scan CCD camera was used to record the images under low-dose conditions. 

 

5.4.10. Fluorescence microscopy experiments 

The fluorescent dye Nile Red was used to visualize the solubilization of 5CB oil by 

micelles. Briefly, Nile Red was added to 5CB in a concentration of 0.05 wt% prior to 

the production of droplets. The droplets were then added to a chamber with trans-

azobenzene. Measurements were performed after full solubilization of 5CB droplets. 

Fluorescence imaging was performed in a Nikon Eclipse LV100N POL microscope 

using filters of the following excitation and emission wavelength cut-offs: λexc = 510-

560 nm and lem = 580 nm. 

 

5.5 Supplementary data  

 

Figure S1. Synthetic procedure for the azobenzene lipid switch.  
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Figure S2. 1H-NMR (CDCl3, 400 MHz) spectrum of azobenzene switch. (*) Residual 

peaks. 

 

 

Figure S3. Absorbance spectra of trans (red) and cis (black) azobenzene lipid at 0.23 

mM concentration in MilliQ water.  
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Spectra of cis-isomer correspond to the photo-stationary state of azobenzene 

obtained by UV irradiation (λ =365 nm). The UV photostationary state contains 92% 

of cis-isomer.  

 

 
 

Figure S4. Determination of the critical aggregation concentration of azobenzene 

lipid.  

Maximum fluorescence intensity of Nile Red (20 µM) in a, trans and b, cis azobenzene 

solutions at different concentrations in water. The CMC was determined from the x-

axis intersection value of the blue and red fitted lines. c, Peak shift of the π − π* 

transition of trans (red points, hypsochromic shift) state and the n − π* transition of cis 

(black points) state of Azo as a function of its concentration in water. 
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Table S1. CMC values of the azobenzene lipid determined by UV-Vis and 

fluorescence spectroscopy. 

 

 

 

 

 

 

 

 

 

Method CMC (mM) 
trans-azobenzene  cis- azobenzene  

UV-Vis spectroscopy 0.40 / 

Fluorescence spectroscopy 0.50 1.20 

 

 

Figure S5.  

a, Evolution of 5CB droplet size during the propulsion in 5 mM trans-azobenzene 

indicating solubilization of oil phase. The red line corresponds to a linear fit. b, 

Distribution of size of droplets produced in a microfluidic device. The mean and the 

standard deviations are 180.84 µm and 1.48 µm, respectively. Images of droplets are 

obtained soon after production and analyzed to measure their diameters.   
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Figure S6. Interfacial tension measurements using the pendant drop method.  

The interfacial tension was measured at the interface between air and a solution of 

azobenzene in MilliQ water (5 mM). The measurements were performed at 20oC. Cis 

state of azobenzene corresponds to the photostationary state obtained by UV 

irradiation (λ =365 nm).  

 

 

      

Figure S7. Speed profile of an individual oil droplet over time 

Speed profile of an oil droplet (with a diameter of 140 µm) displaying run-and-halt 

behavior upon repeated UV and visible light irradiation. The concentration of 

azobenzene in the aqueous solution was 2 mM.  
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Figure S8. Cryo-TEM images of azobenzene lipid aggregates in water solution and 

size distribution of the micellar assemblies.  

The samples contained azobenzene aqueous solutions in a and b) trans and c and d) 

cis state (upon UV irradiation) respectively, at surfactant concentrations of a/c)10 mM 

and b/d) 7.5 mM above CMC. Micelles and worm-like micellar aggregates were 

present in both trans-azobenzene solution above CMC (a and b). Only micelles 

populated cis-rich solutions above the CMC (c and d). The scale bars correspond to 

100 nm. Calculated CMC values were reported in Table S1. f, Size distribution of 

micelles in the trans-azobenzene and cis- azobenzene solutions.  
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Figure S9. Sequential bright-field optical microscope images of trans-vesicles that 

encapsulate inside the membrane the oil extracted from the droplets (a, b).  

These vesicles appear only after the droplets have moved. Under UV irradiation, they 

shrink in size and eventually disappear after ~ 1 min. The scale bars correspond to 20 

µm. The images were obtained after complete solubilization of motile 5CB droplets 

in a 5 mM trans-azobenzene solution.  
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Figure S10. Mean square displacement (MSD) curves of droplets shown in Fig 5A.  

a, Mean square displacement (MSD) curves showing the droplet run in the trans-rich 

area. b, MSD curves showing the directional run of droplets. c, MSD curves of halted 

droplets in the cis-rich area. 
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