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Chapter 2 

MOTILE BEHAVIOR OF DROPLETS IN LIPID 

SYSTEMS 

Motility is the capacity for living organisms to move autonomously and with purpose, 

and is essential to life, e.g., to the survival of swimming cells. We still don’t know how 

abiotic chemistry could have ever transitioned into motile cellular compartments; 

however, chemical evolution has likely been followed quickly by the emergence of 

motile behavior because primeval cells would have had to scout for resources 

effectively. Minimalistic motile systems provide an experimental chemical framework 

to delineate the emergence mechanisms of such an evolutionary asset. Here, frontier 

developments in controlling the movement of droplets in lipid systems are discussed. 

Of particular interest are chemotactic behaviors driven by fluctuations in interfacial 

tension because of the simplicity of this lipid-based mechanism and, therefore, its 

prebiotic relevance. First, mechanisms by which droplets evolve chemotactic motility 

in lipid systems are described, and later, mechanisms by which these oil droplets can 

adapt their movement to illumination conditions are reviewed. Finally, we discuss 

examples where chemical reactivity brings complexity to motility. This body of work 

provides empirical evidence that a limited set of molecules can promote the 

emergence of complex movement at larger functional length scales simply by 

following the rules of molecular chemistry. 

 

This chapter was published as: Babu, D., Katsonis, N., Lancia, F., Plamont, R. & 

Ryabchun, A.  Motile behavior of droplets in lipid systems. Nat Rev Chem 6, 377–388 
(2022).   
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2.1 Introduction 

Motion has been a hallmark of life from the earliest times1. It can be understood as 

motility, and the capacity for living organisms to move autonomously and with 

purpose. Many bacteria and other microorganisms, and swimming cells are motile. 

The importance of motility in survival has been highlighted in an experiment using 

bacteria2. Numerical simulations have shown that the directed movement of protocells 

provides an advantage over Brownian motion3. The importance of directed movement 

for survival is also clear in the motile behavior of contemporary microbes that move, 

explore their surroundings, interact with each other, form swarms and colonies, and 

propagate in their natural environment, all in order to survive4,5,6,7. Arguably, current 

microbes are driven by entirely different mechanisms than their primal compartments 

as molecular machines and protein motors must have appeared much later, once 

primitive metabolic cycles were already in place. However, it is likely that early life 

forms have coexisted with other, primordial mechanisms of movement. 

 

In spite of motile behavior being key to life, we still don’t know how abiotic chemistry 

could have ever transitioned into primitive motile cells. It is likely that the early stages 

of the chemical evolution have involved the conversion of a limited set of molecules 

into an increasingly complex pool of building blocks. In this chemical evolution at the 

origin of life, the formation of primitive cells must have prevented the dilution of 

chemical reagents and the homogenization of these chemical systems. The nature and 

origin of these primitive cells remain a subject of debate. Modern theories have 

focused on the idea that these primitive cells were water-in-water compartments. 

Lancet and coworkers hypothesized that lipid assemblies were the early cells of the 

prebiotic world8,9, given the tendency of lipids to aggregate into supramolecular 

assemblies spontaneously (Box 1). In parallel, Oparin has proposed that protocells 

may have evolved from coacervate droplets10,11.  

 

Our alternative view is that prior to the emergence of biogenic lipids, the formation 

of protocells by compartmentalization may have been provided by oil droplets 

dispersed in water. Such oil droplet protocells could have preceded or co-existed with 

vesicle protocells, as they offer: protection from destructive hydrolytic reactions, the 

concentration of prebiotic molecules, and motility in the presence of lipids. In fact, 

some fatty acids can assemble both as membranes and as oil droplets, depending on 
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the pH12. In further support of our hypothesis, it has been suggested that a thin 

abiogenic oil slick was covering the primeval ocean13. Multiple sources have likely 

contributed to the accumulation of liquid hydrocarbons that ended up in an oil slick 

floating at the interface between air and water, constantly exposed to sunlight14,15,16. 

The oil slick would have protected primeval oceans from evaporation but also a source 

for the production of oil-in-water droplets.  

 

Droplets moving autonomously are attractive minimalistic models for motile cells, and 

a substantial amount of cross-disciplinary work has focused on this 

analogy17,18,19,20,21,22,23. The Cronin group has reported the behavior of an oil-in-water 

droplet system that catalyzes its own formation by reaction of a hydrophilic with a 

hydrophobic precursor and ultimately leads to repeated droplet division at the surface 

of a water bath24. Colloidal systems where the motility emerges at solid-liquid and 

gas-liquid interfaces have been the subject of earlier reviews25,26, and the autonomous 

movement of solid particles in water has been reviewed elsewhere27,28. These efforts 

provided the foundation for an active and interdisciplinary research field dedicated to 

active colloids29 and microswimmers30,31. Here frontier developments in studying the 

motile behavior of droplets in lipid systems are described. 

  

2.1.1. Aggregation of lipids in water 

Many lipids are amphiphilic molecules with a hydrophilic head and a hydrophobic tail. 

Therefore, they can align at air/liquid or liquid/liquid interfaces and form 

supramolecular aggregates in water. One method to predict the type of aggregate 

formed by a specific lipid molecule is to use a dimensionless parameter called the 

packing parameter (p). The packing parameter is obtained using the cross-sectional 

surface area of the hydrophilic head (a), the length of the hydrophobic chain (l), and 

the effective volume occupied by the chain (V)32,33 

!"" = !
" . %                                                       (1) 

The primary types of supramolecular assemblies include micelles, which are lipid 

monolayers with a hydrophobic interior (p<1/3); vesicles, which are formed when 

lipids organize into bilayers with an aqueous interior and hydrophobic pocket in 

between the two layers (1/2<p>1); and a planar bilayer, where the two layers of lipid 

molecules are arranged as a flat layer (p ~ 1). However, the packing parameter is not 

the sole criteria determining the type of supramolecular assembly formed by a lipid.  
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Box 1: Types of aggregates formed by lipids 

 

2.1.2. Asymmetry in a microscopic movement 

Asymmetry in shape, composition, or surface properties is key to the movement of 

microorganisms in water34,35,36, as it mediates a non-reciprocal interaction with their 

surroundings.  In fact, any micrometer-sized object in water, whether alive or not, finds 

itself in a low Reynolds (Re) number regime. In this regime, where viscous forces 

dominate, inertia is negligible, which means that if a microscopic object moves 

forward and then backward, it ends up in the same place. In other words, reciprocal 

motion is not sufficient to propel cells forward37. The only way for microscopic objects 

to move in water autonomously is to undergo a transformation that is 

irreversible38,39,40,41. For example, bacterial micro-organisms use rotating helical 

filaments that are connected to molecular motors, or cilia’s movement involves an 

asymmetric beat42,43,44. In artificial systems, this could be an asymmetry in the 

geometric shape of the object, its composition, or surface properties45. Some of the 

earliest work establishing the propulsion of solid micro objects coupled surface 
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asymmetry with chemical reactivity and utilized chemical energy derived from catalytic 

reactions on the surface of the microscopic object to propel it forward46,47,48,49. 

 

 

2.2 Droplet motility in lipid-rich solutions 

Lipids stabilize oil droplets in water by reducing the liquid-liquid interfacial tension. 

Moreover, it is well-known that lipids form supramolecular aggregates above a 

minimal concentration. These aggregates of lipids can set a droplet in motion at 

higher concentrations,50,51,52,53 because lipid aggregates can take up oil molecules into 

their hydrophobic core. The solubilization breaks the homogenous lipid coverage by 

depletion, and a gradient in interfacial tension is thus created at the periphery of the 

droplet. 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. Flows created as a response to gradients in interfacial tension are 

known as Marangoni flows54 (Box 2). We note that macroscopic convective flows can 

also be created by Marangoni effects at the air-water interfaces and in two-

dimensional systems55,56.  

 

Overall, the emergence of motility follows a mechanism that can be divided into four 

steps (Fig 1a). First, the periphery of the oil droplet is partially or entirely covered with 

lipid molecules. Then, as lipid aggregates solubilize a small volume of the droplet 

(typically in the order of the femtoliter), a gradient of the interfacial tension is created 

that breaks the symmetry of the droplet (Section 2.2.2). Next, the lipid flows from 

areas where lipids are densely packed to interfacial areas that have lower lipid 

concentrations to compensate for the gradient in interfacial tension. Finally, the 

interfacial flow of lipids drives a convective flow inside the droplet, which couples to 

a flow outside the droplet as a result of mass transfer at the interface. This cascade of 

flows sets the droplet in motion. The droplet will keep moving as long as empty lipid 

micelles are advecting towards it, in other words, as long as the instability is sustained.  

In this motile system, small gradients in interfacial tension drive substantial 

displacements, with swimming speeds equal to the body length of the macroscopic 

object (for example, an oil droplet) in a given time interval57. The movement stops 

once the lipid distribution on the droplet is homogenous, and the droplet reaches 
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equilibrium (Fig. 1a), which happens either when there are not enough empty micelles 

in the system anymore, or when the interfacial tension gradient cannot be sustained 

anymore due to a reduction in droplet diameter. When the interfacial tension gradient 

is not sustained due to small droplet size, the droplets can undergo solubilization 

without motility58. The size of a droplet changes while it is motile. Typically, we 

observe that a droplet shrinks by ~ 15% of its initial size by the time it reaches 

equilibrium, as it solubilizes in the surrounding lipid solution. We note that droplet 

speed and its change in time are very much system-dependent, however, because of 

the size change, the speed of interfacially-propelled droplets cannot be constant over 

time. For quantitative insights into the mechanism by which motility emerges, see: 

59,60. 
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Figure. 1. Motile behavior of droplets in a lipid-rich aqueous solution.  
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a, Molecular mechanism that leads to motion. b, A motile droplet of nematic liquid 

crystal in which the arrows indicate the flow field inside and outside the droplet during 

movement (left panel). The presence of a point defect determines the direction of 

droplet movement. The image shows an optical micrograph under cross polarizers 

(right panel). The scale bar corresponds 20 µm. c, The chemotactic movement of the 

droplets allows for solving mazes. The scale bar corresponds to 500 µm. The left panel 

shows the spreading of lipid in the maze and the right panel shows the trajectories of 

motile droplets. d, Chiral liquid crystal droplets follow helical trajectories and 

therefore they respond to light flashes with a spatial re-orientation that is determined 

by chirality. The polarized optical image (top panel) shows a chiral liquid crystal 

droplet and the alignment of liquid crystal molecules inside this droplet. The scale bar 

corresponds to 50 µm. The bottom panel shows the three-dimensional trajectory of a 

droplet that reorients its helical path upon light illumination. e, Double emulsion 

droplets follow a shark-fin-like meandering trajectory. The top panel shows a core-

shell droplet and the flows that are established as a result of micellar solubilization by 

lipids. The bottom panel shows the shark-fin meandering trajectory of a motile core-

shell droplet over two minutes and the alignment of core and shell compartments of 

the droplet during movement with superimposed flow fields in the core. Panel b 

reprinted with permission from Ref. 71, APS. c, Panel c reprinted with permission from 

Ref. 72, PNAS. Top-left droplet image, right-handed trajectory projection (top right), 

and plot in panel d adapted from Ref. 73 CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). Top- middle droplet in panel d 

adapted with permission from Ref. 61,Springer Nature. Panel e adapted with 

permission from Ref. 80, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).  

 

 

The motile behavior of droplets is substantially modified by the presence of lipids. 

They stabilize the droplets by reducing the interfacial tension and, above the critical 

aggregation concentration, they form the supramolecular aggregates that are needed 

to set the droplets in motion51,52. The movement induced by fluctuations of interfacial 

tension and followed by the establishment of Marangoni flows is chemotactic towards 

higher concentrations of empty micelles, as the micellar aggregates are what keep 

the propelling droplet in motion. 
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While the present review is concerned with the motile behavior of droplets in water, 

it is worth noting that a few systems mediate the movement of water droplets in oils 

62,63,64,65,66,67,68. In the seminal work of Dauchot and coworkers62, water droplets are 

driven by reverse micelles in squalene. These systems have been considered 

rudimentary model systems for membrane-free organelles.69 

 

Among droplets that can move in water autonomously, droplets of liquid crystals 

display a particularly rich behavior depending on their phase, chirality, and 

confinement70. A droplet of nematic liquid crystal displays a point defect, which is 

pushed to the leading edge and directs the internal flow (Fig. 1b)71. This special 

organization of the nematic liquid crystal in the droplet can induce either ballistic 

motion or a curling trajectory for larger droplets (d = 50 µm)71. The ballistic trajectories 

of these larger droplets are recovered once they are heated above the isotropic 

transition temperature, or when a small fraction of isotropic liquid is added to the 

liquid crystal. The chemotactic character of droplet motility in lipid systems provides 

a means for the droplets to solve a maze, provided there is a large concentration of 

lipids at the exit point because the gradient that is then established follows the 

shortest path between the entry point and the exit point, and the droplets follow the 

gradient (Fig. 1c)72.  In a separate experiment, droplets were sent one after another in 

a channel, and it was observed that consecutive droplets take alternating branches of 

a channel – the authors hypothesize that this is because the droplets are avoiding the 

trail of filled micelles left by the previous droplet.  

 

Chiral liquid crystal droplets can demonstrate helical motility,73, with similarities to the 

trajectories followed by sperm cells74 and chlamydomonas algae75. These chiral liquid 

crystals were formed by doping a nematic liquid crystal with small quantities of chiral 

molecules76. If the composition of the aqueous solution promotes perpendicular 

orientation of the liquid crystal at the aqueous interface, the organization of the 

droplet is characterized by a spiral surface defect (Fig. 1d). The handedness of this 

surface spiral is encoded by that of the chiral dopants and therefore can be 

controlled73. These droplets propel with a handedness that is opposite to their 

structural handedness (Fig. 1d). The pitch and the radius of the trajectories are 

encoded in the number of spiral turns within the droplet, which can be controlled 

either by the effective concentration of chiral dopants or by light if these dopants are 
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artificial molecular motors77. Upon helix inversion, these droplets re-orient in a 

direction that is fully encoded by the number of turns of the spiral73.  

 

Liquid crystals can also form core-shell droplets or other kinds of double emulsions, 

thanks to recent developments in microfluidic techniques78,79. Shells of nematic liquid 

crystals move in a meandering fashion (Fig.1e)80, as a result of the interplay between 

the viscosity of the aqueous core and the elasticity of the nematic shell. In a double 

emulsion configuration, the aqueous core shifts indeed off-axis with respect to the 

shell of the nematic liquid crystal, and the circular flow of water in the core is 

asymmetrically transmitted to the shell. The thin part of the shell displays faster flow, 

which is compensated by the surrounding media and results in the curvature in the 

trajectory of the double emulsion. Once the shell meets its own trail of filled micelles, 

negative chemotaxis slows down its motion and abruptly induces a change in the 

direction of motion, which results in the characteristic shark-fin pattern (Fig. 1e). 

 

Tunable interactions between mutually miscible oil droplets81 and between Janus oil 

droplets82 have been reported. In the former work, a predator-prey chasing interaction 

is established between droplets of brominated and fluorinated oils, as a result of 

preferential micellar solubility of the brominated oil droplets (the predators). 

Miscibility of the two oils with each other enables molecules to migrate between 

droplet populations through oil-filled micelles. As molecules from the brominated 

droplets fill up the surrounding micelles and thus transfer to the fluorinated droplets, 

an interfacial tension gradient is created on the interface of prey droplets facing the 

predator droplets, initiating motility of the prey droplets. The presence of empty 

micelles near a prey droplet makes the predator chase it. Droplet interactions could 

be chemically pre-programmed by changing the composition of the droplets and 

adjusting lipid composition and concentration.  

 

In summary, systems where droplets are capable of performing complex motion, 

either thanks to their internal microscopic organization or in the presence of lipid 

aggregate gradients have been discussed in this section. Moving beyond these 

systems, emergent motility can be initiated as a response to chemistry or to light. 
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2.2.1. Gradients of interfacial tension and Marangoni flows 

Lipids, owing to their molecular structure consisting of hydrophobic and hydrophilic 

parts have a tendency to reside at interfaces reducing interfacial tension. Interfacial 

tension is described as the surface force (F) acting on a surface of length (l) and has 

the unit N/m. 

& = '/%                                                                                                                                 (2) 

When lipid molecules are asymmetrically adsorbed on interfaces, a gradient in the 

interfacial tension is created, resulting in the mass transfer of lipid molecules from 

regions of low surface tension to regions of high surface tension. Such a flow at the 

interface pulls adjacent liquid layers along with it creating a resultant Marangoni flow. 

In addition to concentration gradients, Marangoni flows can also be initiated by 

evaporation, temperature gradients, photo and chemical processes that create 

interfacial tension gradients along interfaces. Marangoni flows in liquid-liquid systems 

initiated by chemical processes are driven by the solubilization of one liquid into lipid 

aggregates present in the other liquid. In the case of oil droplets in water, the 

solubility of oil in water is increased in the presence of micelles formed by a lipid. The 

oil molecules are incorporated into the hydrophobic core of the micelles and the 

degree of solubilization varies based on the molecular structure of the oil and the lipid 

forming micelles.  
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Box 2: Marangoni flows on a) two-dimensional surface, b) droplet driven by gradients 

in interfacial tensions 

 

2.3 Adaptive motility in response to light 

Light is an effective tool that can be used to control droplet motility because it 

provides the possibility to alter interfacial tensions with spatial and temporal control. 

Light-induced decomposition or light-induced molecular switching can both be used 

to convert light energy into gradients of interfacial tension by employing photoactive 

lipids83. The emergence of droplet motion by photocleavage was associated with 

positive phototaxis (Box 4) of 2-nitrobenzyl oleate droplets84. Ultraviolet (UV) light was 

used to cleave the nitrobenzyl fragment, eliminating oleic acid, which loses a proton 

at the interface with water and thus converts to an oleate (Fig. 2a). As 2-nitrobenzyl 

oleate absorbs light effectively, the formation of oleate takes place preferably on the 

exposed side of the droplet, and there lies the origin of droplet asymmetry.  

 

The inhomogeneity of lipid distribution at the droplet interface is also associated with 

a gradient of interfacial tension, and the droplet moves towards the light source (Fig. 
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2b). It is possible to displace droplets by using bespoke illumination conditions85, 86, 87 

associated with the use of light-responsive artificial molecular switches88,89, such as 

spiropyrans90,91 or azobenzenes92. Spiropyran switching has been shown to be 

accompanied by a substantial change of the interfacial tension (Δγ = 6 mN/m), that 

can be used to drive droplet motility87. Droplets containing the protonated 

merocyanine form of the spiropyran (MCH+) (Fig. 2c) propelled in water towards the 

light source, because the photoisomerization of MCH+ to spiropyran (SP) releases a 

lipid anion (DBS-) on the irradiated side, which reduces the interfacial tension on that 

side inducing Marangoni flows. The authors were able to achieve spatial control over 

phototactic droplet motility by appropriate positioning of the light source (Fig. 2d).  

 

Furthermore93, spiropyran photoswitch dissolved in mineral oil was shown to drive the 

movement of dispersed water droplets in both directions, towards and away from the 

light, depending on light intensity — similar to the scotophobic or photophobic 

responses found in microorganisms94. At low light intensity, SP switched to the MC 

form reducing interfacial tension, which made water droplets propel towards the light 

source. When droplets were exposed to high intensity UV light, they moved away 

from the light as a function of temperature increase, known as the photo-thermal 

effect, which enhanced the interfacial tension on the illuminated side of the droplets. 
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Figure. 2. Droplet motility from light-induced chemical reactions.  
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a, Photocleavage reaction of 2-nitrobenzyl oleate eliminates oleate. b, Positive 

phototaxis of 2-nitrobenzyl oleate droplets. The light source is coming from above the 

samples. Note that the droplet is stationary when UV irradiation is stopped. The scale 

bar corresponds to 100 µm. c, Operation of spiropyran (SP) in the presence of acid 

(DBSA). The acid protonates SP, yielding the merocyanine form of the spiropyran 

photo-switch (MCH+). This process can be reversed by UV light irradiation. The 

presence of the merocyanine form reduces the interfacial tension of the droplet. d, 

The sequence of photographs shows the upward phototactic motility of an oil droplet 

that incorporates a photoacid in its design. The white arrow indicates the droplet and 

the light source is schematically shown in purple. e, The photoconversion of a trans-

azobenzene to the cis-isomer increases the interfacial tension between the oil droplet 

and the aqueous lipid solution. f, Negative phototactic behavior of droplets in a mixed 

solution of shape-persistent and photo-switchable lipids. Before illumination droplets 

propel randomly, once UV is turned on (from the left) droplets move directionally, 

away from the light. Bright-field microscopy images show negative phototaxis of 

droplets. The white dotted circles show the position of droplet during movement. 

Solid white arrows show directional motion and the wavy white arrows indicate 

random motion. The scale bar corresponds to 100 µm. g, The scheme shows the lipid 

in its trans-form. The blue sphere represents the cationic hydrophilic head. The tail 

shows the hydrophobic part, that incorporates the switchable moiety. h, Movement 

of droplets in a solution of trans-form lipid (left panel). When irradiated to UV light the 

droplet stops due to the formation of cis-AzoTAB aggregates which are not able to 

take the oil phase up (right panel). The scale bar corresponds to 50 µm. Panel b 

adapted with permission from Ref. 84, Wiley-VCH. Panel d reprinted with permission 

from Ref. 87, Wiley-VCH. Panel f reprinted with permission from Ref. 99, RSC. Panel h 

is adapted from Ref. 100, CC BY 4.0 (https://creativecommons. org/licenses/by/4.0/).  

 

 

Another functional approach to reversibly tune interfacial tension is to use lipids that 

include azobenzene switches in their design95. Previously, these artificial molecular 

switches have been largely used at planar interfaces to drive the motility of 

microscopic objects at the liquid-air96,97 ,and solid-liquid interfaces98. More recently, 

these switchable molecules have been used to impart autonomous motility to droplets 

in lipid solutions. A reported system consists of droplets (n-heptyloxybenzaldehyde, 

HBA) moving autonomously in an aqueous solution of hexadecyltrimethylammonium 
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bromide (CTAB, well above the critical micellar concentration) and azobenzene (trans-

Azo, Fig. 2e)99. Droplets are initially propelled randomly due to micellar solubilization 

of the oil and associated Marangoni flows (see Fig. 1a). However, these droplets were 

moving away from UV light (Fig. 2f). The directional movement was sustained on a 

timescale ranging between one and ten seconds, after which the droplets started 

moving randomly again. This phototactic behavior can be explained by the fact that 

the cis-Azo is removed faster from the interface and therefore the interfacial tension 

increases. Similar to what happens with 2-nitrobenzyl oleate droplets, the hemisphere 

of the droplet that is closer to the light source is associated with a higher interfacial 

tension (more cis-Azo) as compared to the opposite side, because HBA droplets are 

not UV transparent. This gradient in illumination is associated with a gradient in 

interfacial tension, and with a flow field that moves the droplets away from the light. 

The symmetry breaking element provides directionality to the propelling droplets, 

which is the interfacial tension gradient. Once the gradient is removed by further UV 

irradiation, all azo lipids at the droplet interface switch to their cis state, droplets 

propel randomly as they did before UV irradiation. 

 

We have also demonstrated run-and-halt motility and photokinetic behavior in the 

autonomous motion of oil droplets, by using a cationic azobenzene lipid (Fig. 2g)100. 

In this system, the droplets move by slow micellar solubilization in an aqueous solution 

where the lipid is in its trans-form. Under illumination with UV light, the lipid photo-

converts from its trans-form into the cis-form. The cis-form of the lipid is a worse 

surfactant than the trans-form, and moreover, it is less compatible with the oil 

droplets, because of its bent shape and high dipolar moment. Therefore, the cis-

micelles are not able to take up oil molecules from droplets, the Marangoni flow stops 

and hence the movement (Fig. 2h). Notably, the photokinetic behavior of this system 

evolves when spatial gradients of switch molecules are introduced by bespoke 

illumination conditions. 

 

2.3.1. Taxis of microorganisms 

Microorganisms respond to environmental cues such as gradients in chemicals and 

light to modify their motility for increased chances of survival. In response to chemical 

cues, a microorganism adapts its behavior to move towards (positive chemotaxis) or 

away (negative chemotaxis) from a higher concentration of molecules. Phototrophic 
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organisms respond to light by either changing the direction of their movement, 

towards or away from a light source (positive and negative phototaxis, respectively), 

or in other cases by adapting their speed to the illumination conditions (photokinesis). 

 

 
 

Box 4: Directional motility of microorganisms in nature 

 

2.4 Reactivity interplay with motility 

2.4.1. Prolongation of motility by reactivity 

The motile droplets remain out of equilibrium as long as the asymmetry in interfacial 

tension is sustained. Such droplets could be used as active carriers of cargo molecules, 

that are able to overcome the limits of diffusion. However, short-lived motility is a 

hindrance for such an application.  

 

Propulsion can be prolonged provided that lipids can be generated in-situ, to sustain 

the interfacial tension gradient, and possibly also replenish the micelles that are used 

as fuel for the movement - so that overall, the chemical reaction creates fuel for 

motility in-situ. One of the earliest efforts to prolong droplet motion shows that 

propulsion can be prolonged provided that the system is coupled to a chemical 

reaction that converts one lipid into two lipids101. The system works as follows: a 

nitrobenzene droplet containing oleic anhydride propels when immersed in an 

aqueous solution of oleate micelles, substantially above the critical aggregation 
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concentration. In conditions of basic pH, the hydrolysis of the oleic anhydride into 

oleate produces additional lipid in the system as the droplet moves (Fig. 3a).  

 

The use of a gemini lipid allows for prolonging the motility lifetime.102 In contrast to 

conventional surfactants, a gemini lipid has two hydrophilic and two hydrophobic 

units103, which results in higher surface activity and different aggregation properties. 

In reference102, a gemini lipid initiates droplet movement, and its hydrolysis sustains 

the motion for longer periods because it affords two monomeric surfactants (Fig. 3b). 

The production of two lipids from one extended the motility lifetime from a few 

minutes to half an hour. These long-lived motile droplets moved chemotactically 

towards higher pH, in a narrow microfluidic channel.  

 

Another means to prolong motility is to use lipid-forming chemical reactions. For 

example, an imine-forming reaction was established by dehydrocondensation 

between an aldehyde-based oil droplet and an amino-functionalized lipid (Fig. 3c)104. 

The more lipids in the solution, the more the instability at the origin of movement can 

be sustained. Movement can also be prolonged by hydrolysis, and this hydrolysis can 

be controlled by a change in pH (Fig. 3d)105. In that system, partial hydrolysis of a 

cationic ester lipid produces a choline-type alcohol and a fatty acid, the latter being 

converted into an anionic lipid under basic conditions (Fig. 3d). The anionic lipid forms 

a cation-anion lipid complex with the starting ester lipid, i.e., the reactant before 

hydrolysis.  This cation-anion lipid complex is associated with lower interfacial tension, 

lipid complex with a higher surface activity on the propelling droplet increases the 

inhomogeneity of the interfacial tension, and motility is then prolonged. 
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Figure. 3. Motile behavior by coupling lipid systems with chemical reactions.  
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a, The hydrolysis reaction of oleic anhydride produces a carboxylate lipid that 

prolongs the motility of a passive oil droplet. b, A gemini lipid undergoes an 

irreversible hydrolysis reaction to generate two single lipids resulting in the 

prolongation of motility. c, Dehydrocondensation of aldehyde droplets and amino 

lipid produce a vesicular lipid on the droplet that sustains motility. d, An ester-

containing cationic lipid hydrolyzes to form a choline type alcohol and fatty acid that 

converts to an anionic surfactant with a change in pH. e, Deprotonation reaction of 

phosphoric acid lipid results in a lipid that can reduce interfacial tension at the droplet. 

f, The bromination reaction of mono-olein produces a lipid that is a worse surfactant. 

g, Hydrolysis reaction of Schiff base producing aliphatic aldehyde and aliphatic amine. 

The scheme shows oil particles that transform into spherical droplets and gain motility 

as a result of the hydrolysis reaction. h, Dehydrocondensation reaction between an 

aldehyde and alcohol forms an acetal lipid which modifies the surface activity at the 

droplet interface. i, A Michael reaction between an emulsion of 1-hexanethiol and 2-

methacryloyloxyethyl phosphorylcholine forms a lipid that self-assembles to form 

micelles in water that propels a droplet. The motile droplets display chemotactic 

movement resulting in an enhancement of the production of lipids in the system. 

Panel d adapted with permission from Ref. 105, ACS. Panel g reprinted with 

permission from Ref. 108, ACS publications. i, Part i is reprinted from 111,  CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).  

 

 

2.4.2. Emergence of motility from reactivity 

Besides prolonging motility, chemical reactions can also be used to induce motility, 

either by modifying: i) the chemical composition of the lipids and thus their surface 

activity, their adsorption on the droplet interface and intermolecular interaction with 

the droplet molecules, or ii) the composition of the motile droplets near the interface. 

In the latter case, the inhomogeneity comes from droplet composition, and lipids 

present in the aqueous phase make the droplets move. Motility can emerge when a 

chemical reaction produces an effective lipid in-situ106, For example, an increase of pH 

by about two units was used to deprotonate a phosphoric acid lipid, which acquired 

enhanced surface activity (Fig. 3e).107 An inhomogeneity of interfacial tension was thus 

created at the interface between the oil droplet and water, as the two, protonated 

and deprotonated lipids coexist, and they have different surface activities. In this case, 

the pH could be used to control the onset of motility.  
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In another example, the inhomogeneity in the system was created by an in-situ change 

of droplet composition. A water droplet, carrying bromine was developed to study 

the collective behavior of droplets in minimal systems. Bromination of the lipid mono-

olein at the droplet interface resulted in the in-situ generation of a molecule with lower 

surface activity, causing inhomogeneity at the water droplet interface, and motility 

was initiated in the presence of mono-olein lipid in the outer oil phase (Fig. 3f) 68.  

 

Motility can emerge when one of the two components of an oil droplet hydrolyzes to 

form two molecules: another oil, and a lipid. For example, flocculated oil particles 

gained motility as the acidic environment (containing CTAB as a co-surfactant) was 

used to convert inactive components within the droplet, into active lipids (Fig. 3g)108. 

The oil that was used in this case contains an imine group, which undergoes hydrolysis 

at low pH, to form a benzaldehyde oil and an aliphatic (cationic) amine which behaves 

as a lipid. A local inhomogeneity can be created at the droplet interface in the 

presence of two types of lipid molecules on the droplet surface. These oil droplets 

start moving by Marangoni propulsion as lipid micelles are present in the outer water 

phase (Fig 3g and also see Box 2). In another example, an amphiphilic acetal was 

formed from the reaction between an aldehyde and an alcohol109. In this case, a 

droplet composed of a mixture of aldehyde and alcohol was placed in a micellar 

solution under acidic conditions, the difference in the interaction of the two oils with 

the lipid resulted in an interfacial tension gradient on the droplet, that started moving 

(Fig. 3h). The motile droplet undergoes deformations during motion because of the 

non-homogenous acetal formation inside the droplet. As convective flows inside the 

moving droplet are inherently occurring as part of the mechanism for Marangoni 

propulsion, different molecular interactions within the flow fields create distinct 

regions, that deform the droplet. 

 

2.4.3. Mutualism between reactivity and motility 

Besides initiating and prolonging motion, chemical reactions that can produce or 

modify interfacially active lipids can affect droplet motility in numerous other ways. A 

system has been developed in which the oscillating Belousov-Zhabotinsky (BZ) 

reaction is coupled to droplet speed by a changing concentration of Br2
64. The BZ 

reaction is a complex oscillating chemical system that periodically produces spikes in 
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Br2 concentration during its repetitive oxidation processes110. Specifically, a water 

droplet containing the reagents that are required for the BZ reaction was introduced 

in a lipid-rich oil phase. The lipid reacts with Br2 to yield another lipid that is less 

interfacially active. The presence of two lipids with different surfactant capacities 

enhances the gradient in interfacial tension and thus accelerates the droplet. As Br2 is 

consumed, the droplet slows down. Overall, the oscillation in the concentration of Br2 

produced inside the droplet results in the oscillation of droplet speed.  

 

Adaptive motility can be defined as purposeful motion that adapts its characteristics, 

such as speed or directionality, in response to external cues. Adaptability in motion 

requires that chemical reactions be both coupled to physical processes at different 

length scales and be synchronized in time. We recently reported that lipid 

reproduction could be accelerated by the emergence of microscopic motion111. The 

system consists of a physical autocatalytic chemical reaction that produces lipids, 

which fuel the motion of stationary droplets in water. The thio-Michael reaction 

between 1-hexanethiol and water-soluble 2-methacryloyloxyethyl phosphorylcholine 

(MPC) produces a lipid (1) that self-assembles into micelles (Fig. 3i). Octanol droplets 

added to the reaction medium are initially stationary, but later start propelling 

chemotactically when the reaction produces enough lipids to create an asymmetry in 

the interfacial tension. The formation of lipids accelerated; as the motile droplets mix 

the heterogeneous system in which they move and their chemotactic behaviour brings 

more interfaces to reagent-rich areas. Overall, motile behavior emerges from a lipid-

producing chemical reaction and, in turn, the chemotactic motility of the droplets 

accelerates the chemical reaction. This emergent mutualism between chemistry and 

movement constitutes a striking example of a phenomenon that emerges across the 

nanoscale (the lipids), the microscale (the droplets) and the macroscale (the outcomes 

of the chemical reaction). 

 

2.4.4. Motility through temperature induced surface transitions 

Recent work involving alkane droplets in water with a nonionic lipid show that 

temperature-induced surface phase transitions can promote droplet motility112. Upon 

cooling, the interfacial tension that enforces the spherical shape of the oil droplets in 

an aqueous surfactant solution was overcome by the formation of a plastic rotator 

phase (Fig. 4a)113. With a decrease in temperature, a liquid-to-plastic phase transition 



  Chapter 2 

 27 

occurs at the droplet surface resulting in the ejection of one or two elastic filaments, 

which pushes the droplet forward by viscous friction with its surrounding fluid (Fig. 4b, 

4c). The system can be recharged by an increase in temperature, which causes the 

filaments to retract, resulting in the droplet backtracking. As a result of their inherent 

elasticity, the filaments eject and retract along different trajectories, which produces 

an asymmetric stroke causing a net microscopic motion of the droplet over one 

temperature cycle. Here, symmetry breaking events are created through surface 

phase transitions, in contrast with the Marangoni-based mechanisms involved in the 

other works reviewed. This intriguing example of motility demonstrates that a 

primitive oil-in-water emulsion can evolve into complex swimmers, with an actuation 

machinery that shows similarities with the hairy flagella seen in microbes. 

 

 
 

Figure. 4. Motility by morphogenesis of oil droplets in non-ionic surfactant water.  

a, Upon cooling, the liquid-to-plastic transition at the droplet interface results in the 

extrusion of one or two elastic filaments. The spherical shape of motile droplets can 

be recovered by a temperature increase. The flagellated motile droplets demonstrate 

net motion over cooling-heating cycles. b, Optical image of single-tailed motile 

droplets. c, Optical image of double-tailed motile droplets. Scale bars are 20 µm. 

Reprinted with permission from Ref. 112, Springer Nature. 
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2.5 Discussion and outlook 

A comparative study of some of the works reviewed here is shown in Table 1. Along 

with the motile characteristic of the systems, this table provides a summary for which 

functions emerge from the coupling of chemical reactivity with motility in lipid 

systems. The efficiency of motile droplets is determined by the combination of the 

phase forming the droplet and the type of lipid. For liquid crystal droplets in aqueous 

solutions of cationic lipids, the maximum achievable speed is ~ 1 body length∙s-1. 

Whereas, in the case of water droplets in an oil phase, the speeds do not exceed ~ 

0.2 body length∙s-1. This table is not meant to be comprehensive and primarily aims 

to exhibit the emergent properties of motile droplets that can be achieved by 

chemistry. It has been reported that the speed of motile droplets in a lipid solution 

depends on their diameter as well as the concentration of lipid in the system (Fig. 5a, 

5b)73,111,114. As droplets shrink while in motion, the speed of individual droplets tends 

to decrease over their motile lifetime (Fig. 5c)62,73. These motile characteristics of 

droplets vary between the chemical systems under study and primarily depend on the 

interaction between the droplet and lipid molecules in the system. 

 

In conclusion, lipid-driven oil droplets are capable of communicating, adapting to 

their surroundings, navigating directionally in response to environmental cues, and 

competing with each other. These motile systems can pave the way for artificial 

micromotors with increased levels of operational autonomy. We note that liquid 

crystal droplets typically display higher levels of motile complexity than their isotropic 

counterparts. For example, these have the potential to evolve helical trajectories and 

a meandering shark-fin-like motion. 

 

The life-like behavior of these motile droplets originates in the interplay between 

chemistry and movement —chemistry influences microscopic movement — but we 

have recently demonstrated that there is mutualism between movement and 

chemistry. Studies of this complex interplay between chemistry and motility will 

contribute to a better understanding of the rules that govern purposeful movement 

in molecular systems, and could become a major focal point in the rapidly developing 

field of systems chemistry. Finally, the quantity of works available to date suggests 

that lipid-based motility constitutes a simple and prebiotically-plausible mechanism 

for the emergence of complex motility. 
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Fig. 5. Examples of speed dependence for motile droplets.  

a, Average speed of 50 µm oil droplets with the increase in the concentration of lipids 

in the chemical system. CPC stands for critical propulsion concentration. b, 

Dependence of oil droplet speed on droplet size. c, Change in the speed of water 

droplets over time. Panel a is adapted from Ref. 111, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/).  Panel b is reprinted from Ref. 62,	CC 

BY 4.0 (https://creativecommons.org/ licenses/by/4.0/)  c, Panel c reprinted with 

permission from Ref. 73. 
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Table 2.1: Motile characteristics and emergent functionalities in droplet systems. 

System Size 

(diameter, 

µm) 

Speed 

 (µms-1) 

Normalized 

speed (body 

length/s ) 

Emerging 

behaviour 

Ref. 

Droplet – 5CB 

 

Lipid – TTAB 

30 - 50 5 – 25  0.17 – 0.5  Directionality  

(controlled by 

chemical 

gradient) 

[71] 

Drople – 5CB doped 

with molecular 

motor 

 

Lipid – TTAB 

~ 20 18  0.9  Direction and 

handedness of 

helical 

trajectories 

(controlled by 

light) 

[73] 

Droplet – NBO 

 

Lipid – Oleic acid 

~ 100  0.3 – 

5.6  

0.003 – 0.056  Directionality 

(controlled by 

light) 

[84] 

Droplet – HDA + 

MCH+ 

 

Lipid – DBS- 

~1600  ~10400  6.5  3D directionality 

(controlled by 

light) 

[87] 

Droplet – HBA 

 

Lipid – CTAB and 

trans-Azo 

~ 250  ND - Directionality 

(controlled by 

light) 

[99] 

Droplet – 5CB 

 

Lipid - AzoTAB 

35 – 180  6 – 33  ~ 0.2  Run and halt 

behaviour 

(controlled by 

light) 

[100

] 

Droplet – HBA 

 

Lipid – Cationic 

gemini lipid 

~ 100-200  < 50  < 0.25 Prolongation of 

motility 

(controlled by 

[102

] 
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hydrolysis of the 

lipid) 

Droplet –Water + 

Br2 

 

Lipid – Monoolein 

~ 80  15  0.19 body 

length/s 

Swarming 

(controlled by a 

chemical 

reaction) 

[68] 

Droplet – Water + 

BZ precursors 

 

Lipid - Monoolein 

1440  10 - 

100  

0.007 – 0.07  Speed 

oscillations 

(controlled by the 

Belouzov-

Zhabotinsky 

reaction) 

[64] 

Droplet – Octanol 

 

Lipid - 

Phosphocholine 

based lipid 

30 – 180  25 – 65  0.36 – 0.8  Speed and 

directionality 

(controlled by 

physical 

autocatalysis) 

[111

] 

 

 

 

Material from: Babu, D., Katsonis, N., Lancia, F., Plamont, R. & Ryabchun, A.Motile 

behaviour of droplets in lipid systems. Nat Rev Chem, published 2022, Springer 

Nature.  
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