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Abstract 

Artificial life is the study of artificial systems that exhibit the behavioural characteristics of 

natural living systems. This thesis introduces the field of artificial life with an emphasis on wet 

artificial life, which aims to synthesize artificial cells from chemical precursors. The challenge 

of creating an artificial cell composed of all attributes of living counterparts (such as growth 

and development, homeostasis, movement, energy use) is one that is yet to be solved. Our 

ambition is to create a system that will at least partly mimic cell behaviour. We focus on the 

investigation of organic droplets in the presence of aqueous solutions of surfactants. We have 

found that in a similar way to living cells, these droplets are able to perform chemotactic 

movements in concentration gradients of chemoattractants, change their shape or behave 

collectively. Recently we proposed to call such droplets with life-like behaviour “liquid robots”. 
The relation of liquid robots to the origin of the word “robot” will also be discussed. Artificial 
life is very interdisciplinary, and it will be shown how chemical engineers in particular can 

contribute to solving the open problems in the field. Droplets defined as liquid robots are a 

novel concept that could find engineering applications in various areas, such as 

environmental sensing and remediation.   
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Artificial Life can contribute to theoretical biology 

by locating life-as-we-know-it within the larger 

picture of life-as-it-could-be. 

Christopher G. Langton 

1 Introduction 

1.1 Artificial life 

Nature has found one method of organizing living matter, but maybe there are also other 

not yet discovered options on how to create life. And to study the life as it could be is the 

objective of an interdisciplinary field called Artificial Life (commonly abbreviated as ALife). 

The word “artificial” refers to the fact that man is involved in the creation process. The results 

might be completely unlike natural forms of life, not only because of the chemical 

composition, but even some computer programs exhibiting the life-like behaviour interest 

the ALife researchers. 

ALife field was established at the first “Interdisciplinary Workshop on the Synthesis and 

Simulation of Living Systems” in Los Alamos in 1987 by Christopher G. Langton [1]. Currently 

ALife is a radically interdisciplinary field that is not even defined as pure “science” or 

“engineering” field, it is beyond that [2]. It involves both, experimental and theoretical 

approaches and the research is fundamental and mainly curiosity driven. Usually the 

applications are coming as a by-product but they are not the goal. The common 

characteristic of all so-called “ALifers” (researchers in ALife field) is their open mind. The 

community of ALifers is very miscellaneous, it contains computer scientists, physicians, 

chemists, biologists, engineers, experts in robotics, philosophers, artists, and representatives 

from many other disciplines. As I am actively involved in ALife research several years already, 

I proudly name myself as ALifer as well, although officially I am a chemical engineer. This 

thesis aims to introduce the artificial life discipline and discuss the questions such as “How a 

chemical engineer can contribute to artificial life research”. The emphasis will be placed on 

topics related to my research interests, namely on chemistry and artificial life forms and their 

life-like behaviour. I will also introduce the concept of liquid robotics. 

There are several approaches to defining ALife research. One ALife sorting could be into soft, 

hard and wet (Figure 1). Some ALifers are working on “soft” ALife aiming to create 

simulations or other purely digital constructions exhibiting life-like behaviour. “Hard” ALife is 

related to robotics and implements life-like systems in hardware made mainly from silicon, 
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steel and plastic. “Wet” ALife uses all kinds of chemicals to synthesize life-like systems in the 

laboratory. According to this division, my work is related mainly to the wet artificial life, 

because I aim to study the life-like properties of chemical droplet systems. 

 

Figure 1. Artificial life research. (A – Artificial neural networks. B – Cellular automaton, 

rule 30. C – Robot Alter 2 in Miraikan in Tokyo. D – Shape changing decanol droplet.) 

ALife is often confused with a related field called Artificial Intelligence (abbreviated as AI). 

Scientists do not have a rigorous standardized definition of what life is, even definitions of 

what intelligence is are not unified. However, everyone can feel the difference between life 

and intelligence intuitively, thus the differences in ALife and AI are also obvious. Roughly 

speaking what AI is to psychology and the philosophy of mind, ALife is to biology and the 

philosophy of biology [3]. AI uses the top-down approach to study the cognitive processes 

such as reasoning, memory, and perception. ALife by using bottom-up approach deals with 

the study of all processes characteristic for living systems. What is common in both fields is 

their history, because both have the roots in computer science and that both aim to study 

natural phenomena by simulating and synthesizing them.  

M. Bedau et al. proposed 14 open problems in ALife in the year 2000, but none of them have 

been solved yet [4]. T. Froese and C. Gershenson with their colleagues summarized the ALife 

research interests and divided them into thirteen themes [5]: origins of life, autonomy, self-

organization, adaptation (evolution, development, and learning), ecology, artificial societies, 

behaviour, computational biology, artificial chemistries, information, living technology, art, 



3 

 

and philosophy. It can be seen that ALife research is very broad and for readers interested in 

all the above mentioned problems I can recommend one of several comprehensive works on 

ALife in general (e.g. [1, 3, 4, 6-9]). However, in this thesis I will focus mainly on the problems 

related to my research, i.e. chemistry and artificial life forms.  

More than 30 years ago the first ALife workshop took place, and every year since that the 

ALife community has come together. I have participated at four ALIFE or ECAL (European 

Conference on Artificial Life) conferences and I always enjoy these events. In comparison 

with other conferences where usually one narrow topic is presented, artificial life conferences 

are typical with their multidisciplinary and interesting discussions. It fascinates me what kinds 

of topics are discussed and although very often during the discussions many views on the 

problem are presented, nobody is wrong and everyone is at least partly right. There are so 

many basic questions that we are not able answer, such as “What is life?”, “How the life 

originated on Earth?”, “What is consciousness?” etc. Many of these questions are related not 

only to science but also to philosophy and each new view or thought can move the current 

state of knowledge in artificial life further. In 1995 one critic described his feelings from ALife 

meeting as that he was wondering “whether or not he has gone beyond the lunatic fringe” 

[10]. Nevertheless, some strictly conservative researchers have similar comments also in 

these days, because interdisciplinary research is permanently underestimated. In my view the 

interdisciplinary communities, such as community of ALifers, are needed to move the 

boundaries in science and technology further. 

 

Figure 2. Photograph from ALIFE 2018 conference in Tokyo.  
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Moreover each ALIFE conference has a specific topic that usually opens new questions and 

starts new collaborations. For example ALIFE 2018 in Tokyo (Figure 2) subtitled “Beyond AI” 
focused on the future directions of artificial life research and potential applications. ALIFE 

2019 that held this year in Newcastle aims to discuss how ALife research can help to solve 

societal challenges such as sustainability. In 2021 I will organize in Prague ALIFE 2021 

subtitled “Robots – one century past and ahead” and on the 100th year anniversary of the 

word “robot” we will focus on the past, presence and future of robotics. Further I will 

describe the relation of the origin of the word robot to artificial life research more in details.  

1.2 Engineering of artificial life 

Let me discuss briefly the history of the word “robot”, because this word is one of the key 

words of artificial life discipline. I will also show how the inception of this term is related to 

my droplet research. Almost one hundred years ago that the Czech writer Karel Čapek wrote 

his science fiction drama R.U.R. – “Rossum’s Universal Robots” [11] (published in November 

1920, premiered in Prague on 25 January 1921) where the word “robot” was used for the first 

time (Figure 3), this play opens many contemporary questions. I am fascinated by Čapek’s 

work in general, nevertheless here I will discuss the chemistry and engineering aspects that 

appeared in R.U.R. play, although also many other Čapek’s works open artificial life questions 

(e.g. The Makropulos Secret, War with the Newts). 

 

Figure 3. (A) The Czech writer Karel Čapek and his brother Josef that recommended 

him to use the word “Robot” for artificial people in the play R.U.R – Rossums’ 

Universal Robots. (B) Karel Čapek as a Robot - caricature by his brother, painter Josef 

Čapek. (C) A scene from the first act of the theatre play R.U.R – Rossums’ Universal 

Robots premiered on 25 January 1921 in Prague. (Public domain images). [12] 

The origin of the word “robot” comes from the word “robota” which means “corvée” or 

“serfdom” in the Czech language, i.e. forced labour of the kind that serfs had to perform on 
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their masters’ lands. R.U.R. play is about an island factory called Rossum’s Universal Robots, 

where artificial people are fabricated and sent around the world as working machines. At the 

beginning of the play, the director of the company tells a story about the factory founder, an 

old mad scientist named Rossum [11]: 

“Old Rossum attempted by chemical synthesis to imitate the living matter known 

as protoplasm until he suddenly discovered a substance which behaved exactly like 

living matter although its chemical composition was different… He wrote the following 

among his chemical specimens: ‘Nature has found only one method of organizing 

living matter. There is, however, another method, more simple, flexible and rapid, 

which has not yet occurred to nature at all. This second process by which life can be 

developed was discovered by me today’ … Just think: he wrote these words about a 

blob of some kind of colloidal jelly that not even a dog would eat. Imagine him 

sitting over a test tube, and thinking how the whole tree of life would grow from it, how 

all animals would proceed from it, beginning with some sort of beetle and ending with 

a man. A man of different substance from us. Now, the thing was how to get the life 

out of the test tubes, and hasten development and form organs, bones and nerves, and 

so on, and find such substances as catalytics, enzymes, hormones, and so forth … And 

then old Rossum started on the manufacture of man." 

However, this old fictional scientist failed. Old Rossum was obsessed to create a man from 

the synthetic living matter just to prove that God is not needed to create the living beings. 

The old Rossum’s attempts were purely scientific. However, then his nephew, young Rossum, 

came with an engineering approach. Young Rossum decided to make artificial humans as 

working machines in the factory and he called them “robots”.  

"A man is something that feels happy, plays the piano, likes going for a walk, and in 

fact, wants to do a whole lot of things that are really unnecessary… But a working 

machine must not play the piano, must not feel happy, must not do a whole lot of other 

things. A gasoline motor must not have tassels or ornaments. And to manufacture 

artificial workers is the same thing as to manufacture gasoline motors. The process 

must be of the simplest, and the product of the best from a practical point of view… 

Young Rossum invented a worker with the minimum amount of requirements. He had 

to simplify him. He rejected everything that did not contribute directly to the progress of 

work -- everything that makes man more expensive. In fact, he rejected man and made 

the Robot... The Robots are not people." 
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In Čapek’s play, young Rossum is described as a very progressive engineer. He began to 

overhaul anatomy and tried to see what could be left out or simplified. He used his 

engineering knowledge and experience to design and optimize the artificial human beings 

so that they function with the maximum efficiency. He fabricated each part of the body 

separately and then combined them together as the car is manufactured from individual 

parts.  

“The pestle for beating up the paste. In each one we mix the ingredients for a thousand 

Robots at one operation. Then there are the vats for the preparation of liver, brains, and 

so on. Then you will see the bone factory. After that I'll show you the spinning mill.... 

For weaving nerves and veins. Miles and miles of digestive tubes pass through it at a 

time.” 

Similar approaches are currently used by researchers that aim to fabricate the artificial 

organs. The human body can be thought as a chemical plant that incorporate a number of 

subsystems in which enzymatic processes and unit operations are taking place. For example, 

the heart may be viewed as a pump that distribute the blood through the body, the veins are 

like pipes, the lungs are adsorbing and desorbing gas via biomembranes, the digestive tract 

serves as bioreactor engaged in decomposition or synthesis of various substances, the 

filtration units in the body are represented by kidney, etc. The schematic representations of 

these ideas are shown in Figure 4.  

 

Figure 4. The body as a chemical plant – most of the organs are analogous to 

common chemical plant systems [13]. 
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The objectives of both old and young Rossums in the play R.U.R. were to create artificial 

human beings. In our Laboratory of Chemical Robotics established in 2008 by Prof. Štěpánek, 

we are much more modest. Our objectives of artificial life research are to start with much 

simpler forms of life – cells. We aim to create artificially small objects with as many possible 

attributes of living cells. If we compare the idea to fabricate robots as creatures with only 

those human-like properties that are needed for specific tasks, then we can create robotic 

counterparts of living cells and we can reject all the unnecessary properties. I started to 

investigate droplets with few life-like properties and I proposed to call them “liquid robots“. 

We can say that liquid chemical robots are mimicking living cells in the way that they have 

only a few cell-like properties necessary for the implementation of a specific goal. I am aware 

that many researchers at the world have similar ideas and objectives. In literature one can 

find the mismatch of terms, which deal with man-made objects showing life-like cell 

behaviour. The terms protocell, minimal cell and artificial cell are often used interchangeably. 

Moreover we created the terms “chemical robot” and “liquid robot”. In the next section, I will 

summarize the differences between these concepts. 

1.3 Protocells, artificial cells, liquid robots 

The living cell is the basic structural, functional, and biological unit of all known living 

organisms. Such living cells are found in nature and produced and maintained by 

homeostasis, self-reproduction and evolution - three characteristics that may define a natural 

living cell [14]. In contrast, artificial cells are prepared by humans and mimicking the 

properties, functionalities, or processes of natural cells. Therefore artificial cells (or synthetic 

cells) are man-made systems with some similarity to living cells. Although there are many 

laboratories working on the synthesis of artificial cells, the successful preparation of synthetic 

cells having all features of natural living cells is still a challenging task and an artificial cell 

that is able to self-produce and maintain itself (so-called autopoietic system) has not been 

demonstrated yet [15]. The simpler and less problematic task is to synthesize protocells that 

are not necessarily alive exhibiting only some life-like properties. Protocells can be defined as 

simplified systems that mimic one or many of the morphological and functional 

characteristics of biological cells. Their structure and organization are usually very simple and 

can be orthogonal to any known living system. Protocells are used both as model systems in 

artificial life research and as model systems for origin of life research. In the latter case, 

protocells are often defined as hypothetical precursors of the first natural living cells [16]. 

In principle, there are three main approaches to prepare protocells, which are categorized as 

the “bottom-up”, “top-down” and “middle-out.” The bottom-up approach starts with non-
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living components assembled to create cell-like structures, whereas the top-down approach 

to make a minimal cell is based on taking existing microorganisms and removing genes 

apparently not essential for survival [15]. Some researchers use a middle-out strategy that 

employs existing biochemical molecules such as enzymes in constructing an artificial cell 

[17]. 

All published papers with “artificial cell”, “protocell”, “chemical robot” in the title describe 

usually simple particles that have at least one property in common with living cells (Figure 5). 

Nevertheless, there is formidable challenge to synthesize an artificial cell having all 

properties typical of living cells, e.g. (i) with a stable semi-permeable membrane that 

mediates the exchange of molecules and energy between internal content and external 

environment while preserving specific identity, (ii) sustaining themselves by using energy 

from its environment to manufacture at least some components from resources in the 

environment using metabolism and (iii) capable of growth and self-replication including the 

genetic information [18].  

 

Figure 5. Comparison of a living cell and a chemical robot. 

As we focus on the current research on protocells or artificial cells, we can find that they 

could take different forms (see examples on page 11 and Figure 6). They could be embodied 

as solid particles [19, 20], coacervates [21], hydrogel microcapsules [22], lipid vesicles [23] or 

droplets [24, 25]. In principle the research focus using protocells could be the studies of cell-

like membranes [26], growth and division [27, 28], or motility [16]. Recently it was shown how 
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artificial cells can communicate with their living counterparts [29, 30]. However, the majority 

of research assumes the spheroidal shape of protocells, and there is not much focus on the 

shape and shape changes of protocells and artificial cells [31], although living cell exhibit a 

plethora of intriguing shapes. One notable exception is the growth of elongated protocells 

where the shape plays an essential role in the fission dynamics [27]. The shape changes of 

liquid robots with cell-like properties in the form of droplets and their relevance to living 

cells will be discussed in more details in Chapter 4. 

In principle, the effort to prepare an artificial cell could be from two main reasons. One 

group of researchers endeavour to answer the questions about origin of life, they synthesize 

primitive cells which consists from a protocell membrane that defines a spatially localized 

compartment, and genetics polymers that allow for the replication and inheritance of 

functional information. The aim is to create self-replicating for example vesicles and to 

observe spontaneous Darwinian evolution of protocells in laboratory conditions [27, 32-34]. 

Such approach could be compared to the old Rossum’s attempts in R.U.R. because he 

wanted to demonstrate that the life can be created by anyone in the lab and that no “higher 

power” as God is needed. 

On the other hand, some researchers want to prepare particles with life-like properties that 

can mimic the behaviour of living cells, although without the ability to self-replicate or 

evolve. Such objects can move in their environment, selectively exchange molecules with 

their surrounding in response to a local change in temperature or concentration, chemically 

process those molecules and either accumulate or release the product. Such synthetically 

made objects can find the application for example as smart drug delivery vehicles that can 

produce the medicine in-situ. Such artificial cells could also be called chemical or liquid 

robots [35]. And such research projects are comparable to the objectives of young Rossum in 

R.U.R., because his aims were to create only the artificial servants that could help people with 

many activities. 

Similarly as a chemical engineering approach can be used for artificial organs or robots 

fabrication (Figure 4), the design principles from chemical engineering can be borrowed and 

transferred also to processes related to artificial cells creation [36]. It shows that the unit 

operation concept is successful and widely used paradigm not only in chemical engineering. 

A chemical engineer designing a chemical plant breaks down the whole process into 

elementary steps as heat or mass exchange. Then the suitable method for each operation 

has to be chosen (e.g. it is needed to decide which method is better for separation in a 

specific system – distillation or adsorption?) and finally the appropriate apparatus must be 
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designed and constructed. With the same approach, the complex cell system can be divided 

into simple subsystems. And such decomposition leads to subtasks that can be solved more 

easily than the whole problem. The creation of artificial cells contains the steps such a design 

and synthesis of containers with similar properties as the cell membranes have or looking for 

autocatalytic reactions mimicking the metabolism of cells. Although the chemical engineer 

can gain knowledge about design and constructions of plants at school, the field of artificial 

life is still in its infancy and the design and synthesis of artificial cells is still a challenging 

task.  

Let me summarize this chapter and emphasize my main idea. Many researchers from the wet 

artificial life field and synthetic biologists aim to create artificial objects that resemble the 

living cells and very often the term “artificial cells” is used for them, although they do not 
have all the properties typical for living cells. I claim that using the term “artificial cell” for an 
entity [37] without all life manifestations is not correct. Similarly as we use the term “robot” 
for machines mimicking human behaviour just partly, I propose to use the term “liquid 
robot” [35] for small scale droplets mimicking the behaviour and properties of cells or small 

organisms only partially. I will use the term “liquid robot” for droplets with life-like behaviour 

in this thesis because I take the inspiration from nature and I will focus on cell-like behaviour 

of droplets but not in such a degree to be worthy to call them artificial cells. And I renounce 

to use the term artificial cell also because of the size of droplets. I study the eye-visible 

droplets with the volume of units of microliters each, which is more comparable to the size 

of multicellular organisms such as small insects. And one more reason for using of the term 

“robot” is the relation to the description of protoplasm (substance for fabrication of the 
robots) in the play R.U.R.: “a blob of some kind of colloidal jelly that not even a dog would 
eat.” This description also very often fits to the chemical systems that I am working with. 

I could compare my research on motile liquid robots to the work on testing of self-driving 

cars. I am interested how our liquid robots move and interact between each other and with 

the environment, how they sense the changes in their surround and how they can 

alternatively respond and adapt themselves to these changes. As well as the research on self-

driving vehicles is divided in several parts (design, construction, programming, testing, 

answering the questions about safety, legislation) and nobody can do everything in once, the 

same approach is needed also in liquid robot research. As well as people programming and 

testing self-driving cars do not focus on problems such as how to make a car that is able to 

repair itself or build another car, we do not focus on the self-reproduction or evolution of 

the liquid robots.  



11 

 

 

Figure 6. Examples of protocells and artificial cells from literature. (A) Silica 

nanoparticle-stabilized aqueous protocells [38]. (B) An enzyme-containing protocell 

assembled from a mixture of DNA and clay particles [39]. (C) Inorganic Chemical Cell: 

iCHELL, diameter 1.2 mm [40]. (D) Complex copolymer-stabilized coacervate 

protocells in the form of microdroplets [41]. (E) Self-propelled oil droplet based on 

fatty acid chemistry, scale bar 100 µm [42]. (F) Synthetic protocell in the form of silica 

colloidosome, scale bar 100 µm [43]. (G) Assemblies of aqueous droplets in hydrogel 

as protocell model, scale bar 1 mm [44]. (H) Artificial cells in the form of alginate 

microcapsules containing immobilised liposomes, scale bar 30 µm [22]. Fatty-acid 

liposomes compartmentalize inside a clay vesicle, scale bar 10 µm [45].  
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This thesis will be structured as follows. In Chapter 2, the concept of droplets as liquid robots 

will be introduced and the state-of-the-art of research in this area summarized. Chapter 3 

will focus on the oriented motions of both living and artificial object in concentration 

gradients (so called biological and artificial chemotaxis). The role of morphological changes 

in living and artificial systems will be discussed in Chapter 4. Collective behaviour is the main 

topic of Chapter 5. In Chapter 6, I will present the works where I studied artificial systems, 

although such research was not directly related to artificial life field. In the end I will outline 

the future directions in artificial life research.  
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Imagination is more important than knowledge. 

Albert Einstein 

2 Droplets as liquid robots 

2.1 Droplets 

Why I am so fascinated by droplets? Why did I decide to study them? They are present in our 

everyday life and they seem to be such simple objects. And that is advantageous, because 

the handling of them is easy and cheap. On the other hand the droplets can exhibit 

fascinating phenomena that are either overlooked because of their omnipresence or are not 

visible. Some phenomena can be observed by everyone by naked eye, some are visible only 

by using for example microscopes. Some processes can attract our attention in the real time, 

however some phenomena are interesting only when we use the camera and then we 

change the speed of the movie. One example could be the impact of a rain droplet on a 

solid surface – in real time nobody can see the beauty of the bouncing, spreading and 

splashing of the droplet, however we can use the high speed camera and watch the movie 

slowed down [46]. On the other hand there are many processes that are very slow and in the 

real time the system could look static. We have already observed a few new interesting 

phenomena within our previous research [47-49] and I anticipate that my further ALife 

oriented research on liquid robots will uncover even more new interesting phenomena on 

various spatial and temporal scales. 

Current world-wide research on droplets is intensive from various points of views. The 

knowledge of interfacial phenomena is important for solving of many problems in industry, 

agriculture, medicine and other areas. In simple term, the research on droplets is related to 

almost all processes where liquids are present. The objectives of droplet research could be 

the understanding of droplet formation, droplet evaporation, coalescence, emulsion 

formation, spreading on surfaces, movement in microfluidic chips, etc. Recently the droplet 

studies became popular also in the artificial life research, not only in the context of 

microscopic protocells that would answer the questions of the origin of life [50]. It has been 

shown that also larger droplets can perform several life-like operations, e.g. they can self-

propel [42, 51-54], move chemotactically in the gradients of various chemicals [49, 55, 56], 

self-divide [57-62], change their shape [47, 63] or behave collectively [48, 64, 65].  
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Figure 7. Schematic position of droplet research in various scientific fields. The 

artificial life studies focusing on life-like behaviour of droplets are related to biology, 

on the other hand for the explanation of the phenomena observed the experience 

and knowledge from physical chemistry and engineering are needed. A – Chemotaxis 

of Dictyostelium cells [66]. B - Prosthecate freshwater bacteria Ancalomicrobium [67].  

C – Multicellular slug stage of the Dictyostelium developmental cycle [68].  D – 

Schematic representation of ants group.  E-H – Decanol droplets placed into aqueous 

solution of sodium decanoate. 

Figure 7 shows schematically the position of droplet research in various scientific fields. The 

artificial life studies focusing on life-like behaviour of droplets are related to biology, on the 

other hand for the explanation of the phenomena observed the experience and knowledge 

from physical chemistry and engineering are needed. Although liquid robots are chemically 

based I am interested in understanding how they move, change their shape, behave in a 

large group in a complex environment, and what “laws” govern these processes. For my 

research I use similar approaches to biologists, i.e. I observe both a single droplet and 

population of droplets. I study the droplet as a single entity and also investigate its individual 



15 

 

parts (surface, inner volume) using various microscopic and for biologists common 

techniques. On the other hand I study the system purely from the physicochemical point of 

view and I use the methodologies that are standard for engineers. Further, the knowledge 

and experience from artificial intelligence and robotics and the methodology and 

terminology from sociology are beneficial for us when studying the collective behaviour in 

droplet populations. 

As this chapter aims to focus on the life-like behaviour of droplets, further I will summarize 

the existing research on droplets. I will give the overview of my results in this area in the 

following Chapters 3-5 later. Generally, droplets are liquid entities where a degree of 

immiscibility is required between at least two phases, so that the cohesion of molecules can 

give rise to a surface tension that defines the shape of a droplet. We could have for example 

a water or oil droplet in air, a water droplet in the oil phase or an oil droplet in aqueous 

solution. The term “oil” refers to the organic liquid. My research primarily focuses on systems 

consisting of oil droplets in aqueous solutions (namely decanol droplets in aqueous sodium 

decanoate solution).  In oil or aqueous phases we can dissolve various chemical substances 

or disperse insoluble particles and they in dependence on their hydrophilic/hydrophobic 

properties preferentially stay in the aqueous or oil phase. However, some molecules, such as 

amphiphilic surfactants, containing both hydrophilic head and hydrophobic tail prefer to 

self-assemble on the interphase boundary. The presence of amphiphilic molecules on the 

droplet surface could protect the droplets from coalescence with other droplets. 

The research on droplets with life-like properties is very often related to surface active 

molecules and it covers the range of droplet sizes from hundreds of nanometres to 

millimetres. The majority of papers deal with vesicles or liposomes which are in principle 

droplets in the size of maximally hundreds of micrometres covered with the continuous 

phospholipid bilayer. The research on sub-millimetre droplets in the form of vesicles and 

liposomes belongs to the protocell research aiming mainly to answer the question about 

origin of life, but further here I will summarize only the research on droplets that are in the 

size with the volume around 1 µL or more and visible by naked eyes.  

One of the most studied properties of droplets that can mimic the cell behaviour is their self-

propulsion. It has been shown how droplets move on solid substrates [69, 70] or how 

floating droplets move due to the changes in the surface tension. When a surface active 

compound is placed into an aqueous system it interacts with the water molecules and lowers 

the surface tension of the solution. When the surface tension of a liquid is altered, liquid 

flows from areas of low surface tension to areas of high surface tension along an interface 
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(this phenomenon is known as the Marangoni flow). The term tensiophoresis has been used 

in some works for a droplet movement in the gradient of surface tension [71, 72]. The 

properties of the Marangoni-driven movement are dependent on the size and the shape of 

the droplets as it has been shown for example in works on pentanol [73] or oleic anhydride 

fuelled droplets [74]. When the external chemical gradient is present and the self-propelling 

droplets follow this gradient they can mimic the chemotaxis of living cells. Such artificial 

chemotaxis was studied e.g. in a system based on fatty acid chemistry [42, 54, 56], 

nitrobenzene droplets containing DEHPA in a gradient of alkaline-earth metal ions [75] or in 

pH gradients [76]. There are many other examples and their summary you can find in our 

recent review paper [35]. My research on decanol droplet chemotaxis will be described more 

in details in Chapter 3.2. 

However, there are other approaches how to control the movement of droplets, such as by 

external magnetic [77, 78] or electric [79] field, but these works are mainly related to 

manipulation of aqueous droplets in oils, which is the inverse situation to systems that I have 

worked with. Previous works describe the controlled movement of water droplets on solid 

surfaces that is based on electro-wetting  [80]. Some works are related to meniscus driven 

movements. Recently, it was shown how an oil droplet is repelled by the meniscus when the 

water does not include surfactant, and inversely it is attracted to the wall when there is 

surfactant added in water [81]. Moreover, this paper presents a very simple system consisting 

of drinking water, plant oil and dishwashing detergent as surfactant. This is an example that 

liquid droplets are in principle already easily accessible and exploitable. Similarly, very simple 

system has been introduced where the curvature-driven droplets moved on spiral surfaces 

[82].  

Up until this point I have discussed droplets either not stabilized or stabilized by surfactants. 

However, not only surfactant molecules can protect the droplets from coalescing. Another 

way how to stabilize the liquid droplet is to cover the droplet by solid particles. By this 

approach the so called “liquid marble” is created. Liquid marble preparation is very simple – 

a small amount of liquid is rolled on the layer of hydrophobic powder consisting of nano- or 

micro-particles, which spread spontaneously at the liquid / air interface. This process results 

in a liquid marble formation that has some of the properties of a liquid droplet and at the 

same time it behaves as a soft solid. Liquid marbles are an alternative to superhydrofobic 

surfaces, because particles preventing the liquid to wet and contaminate the carrier surface 

which can be a solid or liquid surface. It has been already shown that liquid marbles can be 

used for transport of small volumes of liquids [83-85]. We have the experience only with 
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static liquid marbles [86], we used them as carriers of poorly-water soluble drugs [87, 88] and 

as micro-bioreactors for spheroid cultivation of HT-29 carcinoma cell line [89]. In Chapter 6.2 

it will be shown how we used liquid marbles for artificial tumours cultivation. 

2.2 Setups for droplet experiments 

The contemporary experimental research on oil droplet life-like behaviour is performed in 

various geometrical configurations. The most common setup is the use of round Petri dishes 

with various diameters and depths of the continuous phase (e.g. [53]). For droplet movement 

observations sometimes a circular channel is created, e.g. by attaching two rings to the glass 

substrate (e.g. [90]). The space between the inner and outer rings (walls) form in principle an 

endless channel ideal for self-propelled droplets experiments. Further simple systems are 

based on rectangular cells or wide channels. Some works deal with the droplet movement in 

more complex systems such as mazes [49, 91] or arenas with obstacles [92]. Let me mention 

that one can find an uncountable number of papers on microfluidics, however in those works 

the droplet motion is due to the flow of external fluid, which is a different scenario in 

comparison with our experiments. In our experiments the droplets are self-propelled and/or 

driven by Marangoni flows that arise in the system because of the local chemical changes. 

The dimensions of systems for droplet studies vary. Usually the experiments are performed 

in Petri dishes with diameter of several centimetres. One of the longest straight channels that 

I have found in literature for self-propelled droplets studies has the dimension of 

300 × 15 × 10 mm [93]. Researchers study the self-propulsion of droplets, but to the best of 

my knowledge, nobody has proven yet the longest distance that the droplet is able to travel 

in two dimensional space without any collision with the wall or without any other boundary 

effect. This objective is also written in my “list to do”. 

The size of individual droplets is usually in order of units or tens of microliters. The reason is 

to have a system where the surface tension dominates over the gravitational forces. This 

relationship can be reached when Bond number is lower than one (ܤ ൌ οܮ ݃ ߩଶȀߪ , where  οߩ is the difference in density of the two phases, ݃ gravitational acceleration, ܮ  characteristic 

length and ߪ surface tension). The largest self-propelled droplets that I have found in 

literature had the volume 50 µL [74, 94].  

The droplet motion can be characterized by several parameters, the most common are the 

directionality and velocity. Additional parameters include the so-called active period and the 

cruising range, which is defined as the distance (usually in the units of droplet diameters) 

that a droplet travels during its active period. For chemotactic response it is possible to 



18 

 

evaluate also the so-called induction time, which is defined as the time elapsed between the 

addition of a chemical signal and the start of the droplet movement. The motion of small 

droplets (so called micro-swimmers) is usually observed up to one hour [95] or two hours 

[56]. The exceptions are our work where we observed the droplet dancing several hours [48, 

96] and the droplets oscillations in the system of my collaborator S. Tanaka that were 

recorded even several days [97].  

The majority of experiments described in literature were performed “by hand”, meaning the 

droplets were dropped by using pipettes or syringes manually. For production of larger 

numbers of droplets the microfludic chips can be used. On the other hand there are works 

where the experiments were performed by using robots. The leading group in research on 

using artificial intelligence and robotic platforms for performing and even planning of 

experiments with droplets is the Cronin’s Laboratory at University of Glasgow. Their research 

is oriented on the evolution of droplets. They have already presented 3D-printed fluidic 

chemorobotic platform with configurable environments [65, 92]. We were collaborating with 

this laboratory and several other groups within the European project Evobliss that focused 

on fabrication and implementation of robotic platform “Evobot” for chemical life studies 

(Figure 8) [98]. 

 

Figure 8. The first prototype of Evobot (designed and fabricated at IT University of 

Copenhagen). 
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Plahočím se jen tam, kam chci já, a ne tam, kam ně 

někdo pošle. Víc nemĳžu od života chtít. 

Miroslav Zikmund  

3 Chemotaxis 

3.1 Chemotaxis in nature 

Chemotaxis is a natural way for cells and organisms to perform oriented movement in a 

chemical gradient. The term comes from Greek words khemia (chemistry) and taxis 

(arrangement, order). The movement of cells and organisms could be controlled by other 

various external forces and then the appropriate response is called according to the force 

that induced this movement [99]. For example, gravitational force induces gravitaxis 

(geotaxis), movement in the gradient of cellular adhesion sites or substrate-bound 

chemoattractants is called haptotaxis, electrotaxis (or galvanotaxis) is the directional 

movement in response to an electric field, magnetotaxis is movement in magnetic field, 

phototaxis is the ability to response to light and thermotaxis is migration along a gradient of 

temperature.  

Taxis should not be confused with tropism [12]. The terms geotropism, chemotropism, 

phototropism etc. mean the oriented growth of organisms navigated by appropriate stimulus 

without the physical motion of the growing object or changing of its position. Another term 

that is often confused with tactic movement (taxis) is kinesis, which means the increase of 

motility in response to a stimulus. However, such response is non-directional. For example, 

chemokinesis represents a situation when the speed or frequency of cell locomotion is 

determined by substances present in its environment. The presence of chemokinetic 

mediators can either intensify or suppress the motion activity. 

The difference between the terms chemotaxis, chemokinesis and chemotropism is shown in 

Figure 9. Chemotaxis (Figure 9A) is a response to the gradient of a chemical stimulus by 

directional movement. In the absence of the gradient of a chemoatractant, cells perform 

random movement. However, if the gradient of a chemoattractant is present, the cells 

perform oriented movement towards the area with the highest concentration of the 

chemoattractant. Such behaviour is called positive chemotaxis. On the other hand, if the cells 

move away from areas with the highest concentration of harmful substances 

(chemorepellants), this response is called negative chemotaxis. The most important sign of 

chemotactic movement is directionality. 
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Figure 9. Schematic explanation of the difference between terms chemotaxis, 

chemokinesis and chemotropism. (A) Chemotaxis - a response by which the direction 

of locomotion of cells is determined by chemical substances in their environment. (B) 

Chemokinesis - a response by which the speed of cells moving at random is 

determined by chemical substances in the environment. (C) Chemotropism - the 

directional growth of parts of a cell navigated by a chemical stimulus. Upper part – 

without any stimulus, lower part – in the presence of a chemical gradient. [12] 

Chemokinesis (Figure 9B) is a response by randomly moving cells that increase or suppress 

their moving activity due to the presence of a chemical stimulus, but they do not orient their 

locomotion in any way. Chemokinesis can be positive if the rate of random movement is 

increased (this is the case in Figure 9B) or negative if the movement rate is decreased.  

Chemotropism (Figure 9C) is an oriented growth response of an organism to a stimulus. The 

growth response may involve the entire organism or its parts. As in the previous cases, the 

growth response may be either positive or negative.  

All of these kinds of movements are well-known for biological objects, but recently several 

works focused also on the movement of synthetic objects and several of them are present in 

the recent book “Self-Organized Motion: Physiochemical Design based on Nonlinear 

Dynamics” edited by S. Nakata et al., where we contributed with Chapter 8: “Chemotactic 

droplets serving as chemo-taxi” [12]. We also compared the biological and artificial 

chemotaxis in a book chapter titled “Chemotaxis and chemokinesis of living and non-living 

objects” [99]. Further I will discuss similarly as in these book chapters how living cells sense 

the changes of chemical concentrations in their environment and how they can respond to 

such changes. Microorganisms and somatic cells use chemoreceptors to detect the 
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concentrations of chemicals in their environment and consequently very complex 

intracellular signal transduction pathways are activated leading to the appropriate response. 

These processes are highly sophisticated, for example E. coli chemotaxis signalling pathway 

can amplify stimuli at least 50-fold, i.e. a 1% change in receptor occupancy elicits a 50% 

change in the rotational bias of the flagellar motors that are used for cellular swimming 

[100]. 

The cell motility alone is a very complex process and to explain the mechanism of even 

chemotaxis or chemokinesis is out of the scope of this thesis. Briefly, many kinds of cellular 

motions are driven by the actin network beneath the cell membrane. The cell movement is a 

manifestation of mechanical work, which requires a fuel (ATP) and proteins that convert the 

energy stored in ATP into motion. There are different modes of cell motility, the cells can 

swim freely in their environment by using special organelles (e.g. flagella), they can perform 

amoeboid motion and glide smoothly along the surface.  

In single cellular organisms chemotaxis plays a crucial role not only for moving towards 

nutrients, but it is also responsible for collective cell migration [101]. In multicellular 

organisms chemotaxis is involved in early development (e.g. sperm moves towards the egg 

during fertilization [102]) and subsequent phases of development (e.g. lymphocyte migration 

is essential for the activity of the immune system [103]). Further, chemotaxis of tumour cells 

is an essential component of tumour dissemination during progression and metastasis [104, 

105]. 

Another reason why the chemotaxis in nature is very important is that it helps cells to 

communicate between each other and it is involved in quorum sensing and collective 

behaviour. As an example of such behaviour the slime mould Dictyostelium discoideum could 

serve. Dictyostelium discoideum is a biological system that I am familiar with [68, 106, 107] 

(my diploma thesis under the supervision of Ing. Hana Ševčíková, CSc. focused on “Studies of 

atypical aggregation of Dictyostelium discoideum” [108]) so it is my favourite model system 

when comparing natural and artificial life. Dictyostelium discoideum is a microorganism that 

under normal conditions consists of independent single amoebas and under unfavourable 

conditions, these cells become “social” and enter a multicellular developmental program. 

After the initiation of starvation, pioneer cells release pulses of cyclic adenosine-3‘,5‘-

monophosphate (cAMP). Nearby cells sense this compound and start to move 

chemotactically in the direction where the cAMP concentration rises most rapidly. By using 

chemotaxis, cells aggregate into multicellular object enabling them to survive unfavourable 

conditions. 
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3.2 Artificial chemotaxis 

Everyone can imagine a macroscopic robot that can be preprogramed or remotely controlled 

to perform a target mission or a self-driving car that moves as needed through streets 

thanks to a navigation system. But how about small liquid robots in the form of droplets, 

where it is not possible to embed the control panel? How could they operate in their 

environment? Imagine the situation that we would like to construct a miniaturised robot that 

will serve for so called intelligent cleaning of areas or surfaces that are difficult to access. The 

compound that is needed to be disposed of is appearing just time to time, anyway it is 

dangerous substance and the cleaning robot should be always ready to perform its target 

mission, i.e. deprive the environment of this harmful substance. What are the requirements 

for such a robot? It must be small enough to reach the areas that we would like to clean. It 

would be cheap and efficient. There are already published works on solid self-propelled 

Janus particles that serve as minirobots for cleaning polluted waters [109], but let us 

introduce the idea of liquid robots in the form of droplets. 

How does the liquid robot know where to go? How can it find the pollutant? We can take 

the inspiration from nature and use the chemotactic principles. Although the cellular sensing 

and locomotion is much simpler than the processes in higher multicellular organisms, it is 

still a very complex problem and for the creation of chemical liquid robots even simpler 

mechanisms are needed. We have studied non-biological positive chemotactic movements 

of liquid robots in the form of droplets in the concentration gradient of different chemical 

signal molecules. The movement mechanism is based on the Marangoni effect acting on 

decanol droplets in an aqueous environment.  

 

Figure 10. The main substances used for the majority of experiments presented in this 

thesis. 1-decanol (coloured by Oil Red O), aqueous solution of sodium decanoate (pH 

12-13) and sodium chloride. 

We have studied the movement of decanol droplets in the presence of sodium decanoate 

solution [49]. The majority of experiments described in this thesis and related papers were 
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based on this chemistry: aqueous solution of sodium decanoate (pH around 12, 

concentration 10mM), decanol droplets coloured by Oil Red O for better visibility and 

sodium chloride as a chemoattractant (Figure 10). We have found that decanol droplets are 

able to follow salt or hydroxide additions and mimic the chemotactic behaviour of living 

organisms [99]. This droplet system has also the ability to reverse the direction of the 

movement repeatedly, to carry and release a chemically reactive cargo, to select a stronger 

concentration gradient from two options, and to initiate chemotaxis by an external 

temperature stimulus. Moreover the droplets are able to follow the salt gradient in complex 

environments, for example we have shown how the droplet solved the simple maze [110] 

(https://youtu.be/P5uKRqJIeSs).  

Such chemotactic liquid robots can serve as transporters for dissolved chemically reactive 

payloads or even small physical objects, thus we proposed to use the term “chemo-taxi” [12]. 

Generally, a taxi is a type of vehicle that conveys passengers between locations of their 

choice. Let us consider that our decanol droplet could serve as a taxi and as our model 

passenger a dead fly was chosen. Figure 11 represents the transport of a fly from the right 

hand side of the glass slide to the left hand side of the glass into the place where in the 

beginning of experiment small amount of salt was added. In principle this kind of chemo-taxi 

could serve for the transport of any other small object. We have performed experiments also 

with other small objects with various sizes and densities and studied their effect on droplet 

velocity. We have found that the shape and the surface-to-volume ratio of the object are 

more important factors than its weight [12]. 

 

Figure 11. (A) Decanol droplet transporting a fly in the gradient of salt. The black 

arrow indicates the place of the salt addition at time t = 0. The size of a rectangular 

slide is 25 × 75 mm. (B) Detail of the droplet carrying a fly. [99] 
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The idea to have such a “chemo-taxi” could be used for several potential applications in the 
future. This chemotactic system could be developed to help machine engineers maintain 

their equipment, because droplets could track down pH, salt or heat gradients to get to the 

desired destination and lubricate a specific joint or axle. Another application of chemotactic 

droplets could be for chemical reaction control. The motile reaction containers in the form of 

the oil droplets could move to another place or closer to other reaction container via the 

concentration gradient. Gradients are thus one way of controlling reactions and for 

manipulation of reactants or products. Chemotactic droplets can fulfill various tasks in 

response to chemical signals in hazardous areas or limited spaces beyond the control of 

external power sources. 

When studying artificial chemotaxis of droplets, I was wondering, is the speed of chemotactic 

decanol droplets comparable with other systems? To compare the speed of objects whose 

dimensions vary by orders of magnitude, it is common to express the velocity in the units of 

body lengths per second. As an example for decanol droplet speed estimation, we can take a 

5µL droplet with a diameter 2.1 mm (if the spherical shape is assumed). The average speed 

of such a droplet in NaCl gradient is around 2 mm/s, thus the chemotactic speed is about 

one body length per second [49]. Also microswimmers, much smaller self-propelled droplets 

with a typical diameter of several micrometres, have a speed in the order of one diameter 

per second [111]. Slightly faster in the inanimate world are self-motile colloidal Janus 

particles that are able to increase their moving activity in the presence of hydrogen peroxide 

[109]. Just for the curiosity, the largest artificially made underwater moving objects are 

submarines with the maximal size of hundred meters moving with a speed around 80 km/h. 

Such a vehicle moves with the speed about 0.2 body length per second. When they are 

floating on the surface, their speed is less than half of that when submerged [112]. 

Figure 12 compares the swimming speed of some non-living objects with that of living 

entities. As we can see there are big differences in speed depending on the locomotion 

mechanism. Cell crawling on substrates is very slow in comparison with cell swimming. The 

crawling of cells on substrates can be divided into the following stages: protrusion of the 

leading edge of the cell, adhesion of the leading edge, deadhesion at the cell body and 

trailing edge, and finally, cytoskeletal contraction to pull the cell forward. Such continuous 

reorganization and turnover of the actin cytoskeleton takes some time and as a result this 

mode of motion is very slow. For example Dictyostelium amoeboid cells move at the rate of 

10 µm/min which corresponds to the speed one body length per minute [113]. Similar speed 

was observed in the motion of the neutrophil chasing down its prey. This is 60 times slower 

in comparison with artificial chemotaxis of droplets. On the other hand, bacteria equipped by 
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flagella or other moving organelles can swim very fast. E. coli cells have a mean speed of 

roughly 30 µm/s that means they travel roughly 15 of their 2 µm body lengths every second 

[114]. To make a picture of the speed of larger living objects, I added the speed of fish and 

the fastest human swimmer into the figure. The typical speed of fish is 10 body lengths per 

second (the top speeds of 26 body lengths per second were observed for small haddock and 

sprats [115]). I have found that decanol droplets motion with an average speed of one body 

length per second is comparable to the swimming speed of the Olympian Michael Phelps 

[116]. With his height 193 cm, he can swim 100 m in about 50 seconds, which corresponds 

also to the speed of around one body length per second. 

 

Figure 12. Comparison between the speed of various living and non-living systems in 

units of body lengths per second. (a) Escherichia coli, (b) fish, (c) droplet, (d) swimmer, 

(e) submarine, (f) amoeboid cell. [12] 
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Shape matters. 

Author unknown 

4 Morphogenesis 

4.1 Shapes in nature 

Living cells, such as bacteria, exhibit immense number of shapes, even eukaryotic cells within 

the multicellular organisms show enormous diversity in the size, shape, and internal 

organization. Bergey’s Manual of Determinative Bacteriology [117] focuses on morphological 

diversity of bacterial shapes and sizes. In a paper of Kysela et al. [118] readers can find in one 

paragraph a lot of terms that can be used for bacterial shapes description: “to the familiar 

coccoid, rod-shaped, or spirillar types, there are also dendroid, coryneform, cylindrical, 

bulbiform, fusiform, and vibrioid types. There are uniseriate or multiseriate filaments of cells 

that are flexible or rigid, flat or round, unbound or bound in hyaline or slime sheaths. Single 

cells are described as star-shaped, disk-shaped, hourglass-shaped, lemon-shaped, pear-shaped, 

crescent-shaped, or flask-shaped. Rods can be pleomorphic, straight, curved, or bent, with 

blunt, pointed, rounded, or tapered ends. Some cells grow appendages such as prosthecae, 

stalks, or spikes.”  

There are several reasons why cells are not simply round shaped and why they exhibit such a 

huge variety of shapes. For readers interested in this morphological diversity, I recommend 

excellent Young’s review paper [119]. Here I will briefly discuss the important factors for 

shape, such as (i) nutrient uptake, (ii) motility, and (iii) predation. 

Perfectly spherical shape of the cell means the minimal ratio of surface area to volume. Each 

change in the shape (elongation, flattening, growth of protrusions, etc.) leads to the increase 

of this ratio. The increase of the surface supports better opportunity for diffusion and 

nutrient uptake. Some cells can adapt to the changes in environmental conditions and 

change their shape as needed. For example, prosthecate bacteria are spherical or rod-shaped 

in nutrient-rich conditions, however in nutrient-poor conditions they develop prosthecae 

(appendages, cell envelope extensions) that facilitate the acquisition of nutrients from the 

environment [120].  There is also the relationship between shape and movement. For 

example, highly motile bacteria are usually rods with a specific (optimal) shape and size, and 

movement through viscous fluids seems to a favour spiral shape. Non-spherical shape also 

helps bacterium to avoid predation. For example the strategy to avoid phagocytosis and 

facilitate enhanced attachment to host cell surfaces used by a number of different bacterial 

and fungal pathogens is to increase cell size and overall surface area [121]. 
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Nature likes patterns, thus not only single cells exhibit a variety of shapes. Simply, the various 

shaped objects and the pattern forming systems are omnipresent. They are studied across 

many sciences, not only in biology, but also in physics, chemistry, mathematics, astronomy, 

and earth science. Here I will focus mainly on branching structures, because our decanol 

droplets are also able to form branches as will be described in the next section. We can find 

many examples of branching structures in both living and non-living systems, such as tree 

crowns [122] and root systems [123] in plants, coral reefs [124], branched organs higher 

organisms (e.g. lung, kidney, prostate, liver, pancreas, the circulatory system and the 

mammary glands)  [125],  cancer invasion [126], neuronal cells [127], swarming colonies of 

bacteria [128], branching of plasmodium of Physarum polycephalum [129], evaporation-

induced branched structures consisting of nanoparticles [130], crystal growth (e.g. snowflakes 

[131]), electrochemical deposition [132] or viscous fingering in Hele-Shaw cell [133]. Whereas 

in the chemical and physical systems the mechanism of branching pattern formation is based 

on physicochemical principles (e.g. diffusion, reaction kinetic, viscosity, surface forces play 

the role), in biological systems the additional levels of complexity are involved. The 

branching morphogenesis is controlled at molecular scale, when gene expressions and 

intracellular transduction pathways control for example the cell proliferation and fate, 

cytoskeleton-driven changes of single-cell shape or collective cell migration. 

The growth of branching structures can be affected by various stimuli. In natural systems 

such an oriented growth is usually called tropism, we distinguish several kinds of tropisms in 

dependence on the nature of the stimulus [12]. So for example the plant can react to 

sunlight by phototropism, the roots of plants grow towards useful and away from harmful 

chemical substances by chemotropism, the response to gravity is called geotropism, changes 

in temperature cause the thermotropism, etc. Further well known kind of tropisms is the so-

called electrotropism, when the organism or its parts response to the exogenous electric 

field. It is known that for example the growth of pollen can be affected by the electric field. 

However, the literature sources have a high incidence of contradictory findings. In some 

works the pollen turn towards the anode [134], towards the cathode [135], towards the 

closest electrode or parallel to the electric field [136]. Recently it has been found that the 

plant roots can align with an electric field and that the weak electric field makes the tissue of 

the cut root tip regenerate faster [137]. It is intuitive why plant parts are navigated by light, 

chemicals (namely oxygen) and temperature, but the description of interactions with electric 

field are still missing [138]. Various hypotheses are based on the thoughts that the presence 

of electric field drives the ionic currents essential for the growth. 
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4.2 Shape-changes of liquid robots 

Therefore nature has found important roles for shape change, especially in response to 

environmental pressures and challenges. The question is, are we able to explore the shape of 

liquid robots in the form of droplets? In our papers [47, 63] we focused on shape-shifting, 

multi-arm droplets observable in a simple system consisting again only of decanol, water, 

sodium decanoate and NaCl on a glass substrate. The evaporation of water from the 

decanoate solution in this open system induces fantastic shape changes in the droplets:  the 

originally spheroidal decanol droplets develop branching patterns and mimic the appendage 

growth of bacteria or axon growth. 

We have performed detailed parametric study where decanol droplets were floating on the 

sessile droplet of aqueous decanoate solution containing sodium chloride [47, 63]. In 

dependence on initial composition of the system and the conditions of evaporation, the 

growth of branching structures was observed. In dependence on molar ratio between 

decanol, decanoate and the added sodium chloride three regimes of behaviour were 

described: (i) the disintegration of one decanol droplet into smaller droplets, (ii) tentacle-like 

pattern formation and (iii) the absence of any pattern formation. The time when formation of 

pattern started was dependent on the amount of added sodium chloride.  

 

Figure 13. Shape changes of a decanol droplet during water evaporation (time 0 to 50 

mins) and then rehydration (time 1 h to 1 h 50 mins) with a return to spheroidal 

shape. [63] 

Since the shape changes described above were driven by the process of water evaporation 

from the system, we perturb the system back to its initial condition by adding the 

appropriate quantity of water. Figure 13 shows a microscopic detail of decanol droplet 

behaviour during the period of evaporation (time t = 0 to 1 hour) and then the return into 
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spherical shape during the rehydration phase. This experiment confirms that the process of 

pattern formation is reversible over at least one cycle and that it is possible to control this 

process by the timing of evaporation and hydration.  

We also focused on mutual interactions of two or more droplets during the growth of 

tentacles. Two particular outcomes were possible: the arms will attract each other and 

intertwine, or the arms from different droplets would avoid mutual contact. Figure 14 shows 

the progress of a typical experiment with two droplets. Initially, the droplets come together 

to form a doublet. Later on they repel each other and start to form tips that elongate into 

tentacles. It was observed that the tentacles from one droplet were never attracted by the 

second droplet. The droplets always avoided the contact. In multiple droplet experiments the 

symmetrical star-shaped beginning of pattern formation was not observed. This contrasts 

with single droplet experiments, in which case the growth of tentacles was usually more or 

less symmetrical and there was no preferential direction of tentacles growth.   

 

Figure 14. Image sequences of appendages formation in experiments with two 

decanol droplets. Initial conditions: glass coverslip with a diameter 24 mm, 500 µL of 

10mM aqueous decanoate solution, two decanol droplets with the volume 2.5 µL 

each, 3.2 µL of 6.5M NaCl added. The scale bar corresponds to 10 mm. [63] 

Surprisingly, almost all researchers studying origin of life use spherical vesicles as protocells. 

Maybe they assume that the first cell had the shape of a sphere: without any internal 

structure, just a membranous bag suspended in liquid. However, phylogenetic studies 

indicate that the early bacteria on planet Earth were rod-shaped and cocci appear to possess 

a “dead-end” shape that has arisen many times independently [139]. This indicates that non-

spherical droplets could serve well as protocells and it is important to focus on their 

properties and the process of shape changes. In a similar manner that living cells exhibit a 

variety of shapes and morphological changes allowing them to live and survive under certain 

conditions, we suggest that also the study of morphological changes of non-living protocells 

is a key step in understanding the underlying principles. We hope to use our and other 

droplet systems as simple artificial life models of living cells to investigate the role of shape 

and shape change in simple chemical systems, artificial cells and protocells. It may be that 
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shape provides necessary information or regulation of protocell dynamics and therefore 

could have a selectable function in future applications. 

The observed extensive shape changes in our droplet system, with bifurcation and branching 

patterns are at least superficially similar to biological neuronal architectures. However, in this 

moment we cannot speak about functional similarity, because the electrical conductivity of 

the surrounding bulk electrolyte is now much higher than the conductivity of decanol, so this 

is the opposite of what happens in neuronal networks. In order to simulate neuronal 

connections and some signal propagation, we would need the tentacles to conduct 

electricity better than the surrounding solution. Also, the tentacles now seem to be "self-

avoiding", so we would need to somehow convince them to make connections. Anyway we 

hope our multi-armed droplets could represent "artificial neurons" in future, so in addition, 

spiking-type behaviour in our system will be tested. A chemistry-based artificial neuron 

would provide embodiment of unit and population-based self-organization, inter-

communication and emergent higher order phenomena that can be fully characterized in 

terms of chemistry. 

We were interested if the growth of the arms from the decanol droplet can be controlled by 

electric field and if we can observe any kind of electrotropism in a simple chemical droplet 

system. We focused on the application of DC electric filed on the same pattern forming 

decanol/decanoate system as in our previous works [47, 63]. Experiments on round and 

square shaped glass substrates with golden electrodes were performed. The parameters such 

as Lempel-Ziv complexity (LZ complexity [140]), a maximal number of disconnected 

components and a maximal number of nodes were evaluated in both control experiments 

without application of electric filed and experiments, where the voltage was applied to the 

experimental chamber. We have concluded that direct current applied to decanol droplets in 

a thin layer of sodium decanoate with sodium chloride does not affect directional growth of 

the branching droplets, but the current increases complexity of the branching structures 

[141]. 

4.3 Chemobrionics  

Chemical or silica gardens are tubular precipitation structures that grow during the 

interaction of metal salt solutions with silicates, carbonates or other selected anions. Their 

growth characteristics and attractive final shapes derive from a complex interplay between 

reaction-diffusion processes and self-organization. A classic demonstration experiment in 

chemistry, the study of chemical gardens gained importance over the years due to their 

potential to bridge the nanoscopic and macroscopic world, the interesting patterns and 

motifs that span from them and their association to hydrothermal vents and one hypothesis 

for the origin of life on Earth. This emerging research topic has been named Chemobrionics 
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[142]. In 2018 the COST Action Chemobrionics started which I am involved in. The objective 

of this project is to study the phenomena when biomimetic micro- and nano-tubular 

precipitates are formed in chemical gardens. It explores the boundaries between chemistry, 

physics and engineering covering topics such as self-assembly, self-organization, 

hydrodynamics and materials science. 

We are familiar with an organic system where intriguing pattern formation is observed as 

was described in Chapter 4.2 [47, 63]. From the physico-chemical point of view there are 

several similarities between purely inorganic chemical gardens and the structures in our 

organic decanol/decanoate system in presence of salt. Apparently in both inorganic and 

organic systems tubular growth is based on the self-propagation under fluid advection of 

reaction zones forming semipermeable precipitation membranes that maintain steep 

concentration gradients, with osmosis and buoyancy as the driving forces for fluid flow.  

The key publication “From Chemical Gardens to Chemobrionics” [142] extensively summarizes 

the state of the art of inorganic chemical gardens. There are also listed several open research 

questions in Chemobrionics that are related to artificial life. Our aim is to find the answers to 

questions such as: “Do chemical gardens, our tentacular structures and biological structures 
share any similar processes of formation?” “Can these structures teach us about biological 
morphogenesis, or is the similarity only accidental?” “Are they related to the origin of life?” We 

hope that our research on chemical garden-type systems can contribute to the science of 

chemobrionics and artificial life.  

 

Figure 15. Comparison of (A) a chemical garden (© Stephane Querbes [142]) with (B) 

a shape changing decanol droplet (© J. Čejková). 

Related works 

 Čejková J., Hanczyc M.M., Štěpánek F. (2018). Multi-Armed Droplets as Shape-
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The whole is more than the sum of its parts. 

Aristotle 

5 Collective behaviour  

5.1 Swarming in nature 

The mutual interactions between agents are intensively studied in various systems, in both 

living systems and the inanimate world. A swarm is defined as a complex adaptive system, 

which is decentralized and self-organized and whose individuals are simple, homogeneous 

and autonomous. They are able to aggregate together, move en masse or migrate towards a 

common direction [143]. Swarming behaviour is well-known in biology where for example 

flocks of birds or schools of fish are extensively studied.  The swarming has been observed 

also in bacteria or tumour cell populations [104]. Also in non-living systems this kind of 

collective behaviour can be implemented, for example in biologically-inspired swarm 

robotics.  

Collective behaviour is a widespread phenomenon present in almost all biological systems at 

various scales and levels of complexity. Such a self-organization of animals, insects and even 

cells in the absence of centralized control has various reasons. For example, the commonly 

assumed advantages of flocking in the animal world are defence against predators, more 

efficient search for resources, hunting, or improvement in decision making [144]. Collective 

grouping in cells is important especially for their survival. As it was already noted in the 

chapter about chemotaxis, the amoeba Dictyostelium is an interesting example where free-

living single cells can behave collectively when needed. In the absence of nutrients, 

Dictyostelium cells form large aggregates consisting of thousands of cells that transform into 

multicellular organisms enabling them to survive unfavourable conditions [107].  

In living systems, different strategies exist for cell chemotactic movement, including both 

individual cell migration and the coordinated movement of groups of cells [145]. Cell 

migration in loosely or closely associated groups (commonly called collective cell migration) 

can be performed by various mechanisms. The cells can migrate in sheets (e.g. cells in 

carcinoma or in wound healing), in close packed clusters (e.g. border cells in Drosophila 

embryos or melanomas), in chains (e.g. Drosophila myoblasts or squamous cell carcinoma) or 

in streams (e.g. neural crest cells, mammalian endoderm and in some breast carcinomas). 

Nevertheless, the main sign of collective cell chemotaxis is the polarization of cells. They 

typically form the protrusions (such as lamellipodia and filopodia) at the leading edge and 

the trailing edge is contracted. 
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In the field of artificial life, the investigation of interactions between multiple man-made 

objects that behave like living organisms is also of interest. The aim is to find an analogy 

between the collective behaviour of artificial objects and their living counterparts. Further I 

will describe the collective behaviour of artificial objects, namely of oil droplets, and its 

phenomenological similarity with the behaviour of swarming living cells. 

5.2 Swarming of liquid robots 

Recently several physical and chemical systems consisting of self-propelled units have also 

shown a kind of collective behaviour [144]. The complex self-organized structures that arise 

from repeated interactions between individual units were observed for example in the 

groups of self-propelled catalytic microparticles [146] or camphor boats [147, 148]. However, 

the investigation of droplet swarming (i.e. mutual interactions of multiple liquid droplets) 

appeared only in few papers up to now. Some authors study the droplets with the volume of 

several microliters on Petri dishes with the diameter of several centimetres [64, 65, 74, 97], 

others observe the micrometre-sized droplets and their interactions under the microscope 

[149, 150]. We have studied the spatiotemporal arrangement of multiple decanol droplets as 

will be described later. 

We can distinguish two categories of droplet experiments that one can find in the literature: 

droplets that are crawling on solid substrates and droplets that are floating on the surface of 

another liquid or swimming in another liquid. Regarding droplet interactions on dry solid 

substrates, it has been for example reported [151] that miscible liquids such as propylene 

glycol and water deposited on a clean glass cause the motion of neighbouring droplets over 

a distance, because these droplets are stabilized by evaporation-induced surface tension 

gradients and they move in response to the vapour emitted by neighbouring droplets. The 

vapour induced interactions were also described for water droplets containing a volatile fluid 

that were floating on silicone oil [152]. In systems where the oil droplets were floating in an 

aqueous pool, various mechanisms for droplets attractions or repulsions were described. In 

systems containing surfactant the surface tension gradients and Marangoni flows are usually 

responsible for droplet interactions [153]. In some droplet systems the so-called “Cheerios 
effect” plays the role [154]. As well as the cereals are attracted because of interfacial 

deformation and the effect of gravity, similarly liquid droplets can be attracted or repelled 

[155]. Although some works focus on the interactions between two droplets [74, 153], only a 

few papers deal with large populations of droplets and their swarming [64, 65, 97].  

We were interested in the behaviour of groups of decanol droplets. However, there are too 

many parameters that potentially control the mutual interactions between droplets: the 

number of droplets, volume of a single droplet, volume of the aqueous “pool”, size and 

shape of the glass substrate, pH, salinity and decanoate concertation in the aqueous phase, 
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etc. As one can see, to perform the complete parametric study where all these parameters 

and their combinations would be systematically investigated is not a simple task. Thus we 

focused on varying a few parameters, other parameters were usually fixed, as described in an 

appropriate part related to specific set of experiments. We performed two main kinds of 

experiments where we studied the behaviour of a group of decanol droplets in both the 

absence and presence of salt. The salt additions served as chemoattractants. We have 

focused on two main questions: (i) What are the qualitative types of spatial patterns attained 

by multiple decanol droplets in the absence of salt? (ii) Do the clusters of decanol droplets 

retain the chemotactic ability previously observed for single droplets? 

We have observed that decanol droplets floating in the absence of salt chemoattractant on 

sodium decanoate solution on microscopic slides (system open to the environment) exhibit 

the collective-like behaviour that can be divided into six stages. Figure 16 shows an 

experiment with initial conditions as follows. The glass cover slip with the size of 24 × 24 mm 

was covered by a thin layer of 1000 µL of 10mM sodium decanoate. Then by using of a 

micropipette, 10 decanol droplets with the volume of 1 µL each were added. Duration of the 

whole experiment was 10 hours. The left black part of Figure 16 shows the typical image 

sequence (with the time step 1 hour) from the beginning of an experiment until the moment 

when water was evaporated completely from the system.  

Upper right detail of Figure 16 shows an image sequence with the time step 1 minute of first 

48 minutes of the experiment. When the droplets were placed in decanoate solution, they 

self-propelled on the surface independently, no contact or attraction of droplets was 

observed. We call this phase as Phase I – initial phase. Around 1 minute after the beginning 

of the experiment they distributed for a while in a regular small square in the middle of the 

system (Phase II – regular arrangement). Thereafter the droplets started to attract each other, 

touch each other and they formed small groups of droplets. However, these clusters were 

not stable and exhibited dynamical phenomena. The droplets repelled and attracted each 

other, they exchanged their positions and they did not stay in one static cluster. The droplets 

were either independent or members of various multi-droplet groups that were not stable in 

time (they formed e.g. doublets, triplets, small groups, chains, rings, half-rings). Such a 

dynamical behaviour (Phase III – oscillatory behaviour) was observed until time t = 42 min, 

when the droplets created a close-packed cluster and they did not exchange their positions 

in this arrangement (Phase IV – static cluster). The cluster was more or less static with regular 

hexagonal arrangement of droplets for almost three hours. The lower right detail of Figure 

16 shows the image sequence what happened after time t = 3.5 hour after the beginning of 

the experiment. Some droplets started to escape from the cluster, they repelled each other 

and the cluster disintegrated in few seconds (Phase V – cluster disintegration).  
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Figure 16. Image sequence showing the droplets behaviour in time. Left black part: 

The progress of the experiment from the beginning until the end of experiment (until 

the water was evaporated from the system completely). The time step between 

images 1 hour. Upper right zoom in time: First 48 minutes of the experiment, the time 

step of images 1 minute. Lower right zoom in time: Detail of cluster disintegration 

that started in time 3.5 h (the time step between t=3.5 h indicated in the figure). 

Initial conditions: glass slide 24 × 24 mm, 1000 µL of 10mM decanoate, 10 µL of 
decanol divided into 10 droplets (i.e. 1 µL each). 
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Then the droplets rearranged their positions and finally they arranged regularly in the small 

square in the middle of the system. Simultaneously the droplets started to change their 

shape – from round shaped droplets to elongated worm-like structures (Phase VI – shape 

changes of individual droplets). The experiment was over when all water evaporated from the 

system, i.e. approximately in 10 hours. In the end the glass slide was covered by dry leftovers 

of non-volatile residues.  

We have performed several experiments with ten decanol droplets in a square geometry 

24 × 24 mm with a thinner and thicker layer (500 µL, 750 µL, 1000 µL) of various 

concentrated decanoate solutions (5mM, 10mM and 20mM). We have found that there is an 

effect of the initial volume and concentration of aqueous decanoate solution on the time 

when individual phases (I)-(VI) appear and on the length of these phases (ŁI-VI). Data for fixed 

number of droplets 10 × 1 µL are shown in Figure 17. We performed also many other 

experiments and measurements and the results will appear in the paper that is in 

preparation. 

 

Figure 17. The effect of the initial decanoate volume (i) 500 µL, (ii) 750 µL and (iii) 

1000 µL and decanoate concentration (A) 5mM, (B) 10mM and (C) 20mM on the time 

of individual phases. Glass slide 24 × 24 mm, 10 µL of decanol divided into 

10 droplets (i.e. 1 µL each).  Red curve – number of objects (single droplets, doublets, 

triplets, etc.). Blue curve – number of individual droplets. 

We performed similar experiments in the absence of salt also on rectangular glass slides. In 

this setup, initially the droplets moved randomly, however then they distributed in the 

middle line of glass slide with almost regular distances between each other. Until this 

moment they repelled each other, but then the attraction between them dominated and 

they formed a cluster. As on square shaped substrates fantastic dynamical changes of 

droplets positions in clusters were observed. We focused on the estimation how the time of 
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the first cluster formation when all droplets came together (the start of oscillatory phase) is 

related to the number and size of individual droplets. The number of droplets (2-12) and 

their volume (1 µL, 2 µL or 5 µL of each droplet) were systematically changed and the time of 

cluster formation evaluated. The size of glass slide and the initial volume of aqueous solution 

were fixed (24 × 60 mm glass slide was covered by a thin layer of 2000 µL of 10mM 

decanoate solution). Figure 18 (A-C) shows the comparison of six droplets clustering for 

various droplet sizes.  

 

Figure 18. (A-C) Experiments with six decanol droplets. The volume of individual 

droplets is (A) 1 µL, (B) 2 µL and (C) 5 µL. (D-F) Experiments with 10 µL of decanol 

divided into (D) 10, (E) 5 and (F) 2 droplets. Initial conditions: the rectangular glass 

slide 24 × 60 mm, 2 mL of 10mM aqueous decanoate solution. [156] 

From these image sequences it is evident that larger droplets reach the line arrangement 

sooner than smaller droplets. Then the droplets stayed in the middle line for several minutes 

and later on they started to attract each other, forming pairs, triplets etc. These small groups 

of droplets eventually formed a single cluster. The time of cluster formation in dependence 

on number of droplets was evaluated and results are summarized in Figure 19A. From these 
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data one can see following trends. If the number of droplets is the same and N < 10, larger 

ones cluster sooner than smaller ones. If the number of droplets N is just two, the differences 

are the most significant. Two 5µL-sized droplets touch each other about 30 minutes after the 

beginning of experiment, although two 2µL-sized droplets needed almost two hours. On the 

other hand, two 1µL-sized droplets never merged together within first three hours of the 

experiments. For N > 10 droplets started to form a cluster almost immediately without any 

dependence on the droplet size.  

It seems that there could be the effect of the total decanol volume in the system on this 

clustering process, so we also re-plotted the time of cluster formation in dependence on the 

total decanol volume in the system (Figure 19B). For smaller total volumes of decanol, it 

needed more time for cluster formation without any significant effect of number and size of 

droplets. For volumes of decanol around 10 µL it looks like that larger number of smaller 

droplets clustered sooner (see also Figure 18D-F). Nevertheless this could be because of the 

distance between droplets (two 5µL-sized droplets need more time to touch each other in 

comparison of the group of ten 1µL-sized droplets). For larger total decanol volume (more 

than 20 µL), the droplets clustered almost immediately without the effect of number and size 

of droplets. 

 

Figure 19. The start time of oscillatory phase of droplets on a rectangular glass slide 

(A) in dependence on the number of decanol droplets and (B) in dependence on total 

decanol volume in the system. Individual droplets had the volume 1 µL, 2 µL or 5 µL 

each. [156] 
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Independently similar behaviour as we observed in decanol/decanoate system was observed 

by our collaborator S. Tanaka at Hiroshima University. His system consisting of a mixture of 

ethyl salicylate (ES) and paraffin liquid floating on the surface of aqueous sodium dodecyl 

sulphate solution (SDS) in a Petri dish (covered by a lid) has shown qualitatively similar 

behaviour [64, 97]. Although the systems differ in several parameters, we think that the 

phenomena observed should be based on the same principles as we have already discussed 

in our recent publication [48]. 

The second set of experiments with multiple decanol droplets has focused on the study of 

the chemotactic ability in the salt gradients. It has been already shown that a single decanol 

droplet placed in a thin layer of sodium decanoate is able to perform chemotaxis-like 

oriented movement if a salt concentration gradient is present in the system as was discussed 

in Chapter 3.2. The main question before performing experiments with multiple droplets was 

whether the droplets move towards the salt as single droplets, in a chain or in a group? We 

have investigated not only the chemotaxis of solitary decanol droplets before their 

clustering, but also the chemotaxis of decanol droplet clusters that have formed 

spontaneously in the absence of salt discussed above. It has been found that as soon as the 

droplets that touch each other perceive the salt gradient, they form a close packed group 

and then move towards the highest salt concentration as a group (see Figure 20). Groups 

consisting of a larger number of droplets start the chemotactic response sooner than smaller 

groups, and they also reach the target sooner. In contrast, droplets those are in the state 

before their clustering they follow the salt gradient individually or in smaller groups (Figure 

21). 

 

Figure 20. Chemotaxis of multiple decanol droplets after cluster formation: (A) four, 

(B) five, (C) six and (D) seven. Volume of each decanol droplet is 5 µL. The size of 

rectangular glass slide is 25 × 75 mm. Volume of aqueous decanoate solution is 

1.5 mL. Time t = 0 corresponds to the time, when 1 µL of saturated salt solution (6.5M 

NaCl) was added as chemoattractant. The scale bar corresponds to 10 mm. [156] 
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Figure 21. Chemotaxis of multiple decanol droplets before cluster formation: (A) 

three, (B) six. Volume of each decanol droplet is 5 µL. The size of rectangular glass 

slide is 25 × 75 mm. Volume of aqueous decanoate solution is 1.5 mL. Time t = 0 

corresponds to the time, when 1 µL of saturated salt solution (6.5M NaCl) was added 

as chemoattractant. The scale bar corresponds to 10 mm. [156] 

In the same way as in the populations of living objects or robots, the organization, collective 

behaviour and swarming of liquid droplets needs to be investigated. Using such approaches, 

we could design relatively simple and cheap “liquid robots” in the form of droplets that 
would work together to perform increasingly sophisticated tasks. Examples of potential 

droplet swarming applications include intelligent cleaning or targeted delivery of chemicals 

and small objects. Since droplet collective behaviour is an interesting problem, we anticipate 

that intensive experimental and theoretical study of this problem may help to explain other 

swarming mechanisms and analogies between collective behaviour of liquid droplets and 

living swarming systems could be found. 
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I’m still alive. 

Pearl Jam 

6 Artificial (but not ALife) systems  

Although this thesis and my current research focuses mainly on artificial life and life-like 

behaviour of artificial systems, in this chapter, I will briefly comment on our previous works 

that were not directly related to artificial life studies, but still some ideas and approaches 

were borrowed from ALife. Chapter 6.1 will describe the idea of artificial spores. We took the 

inspiration for it from nature, however finally we created a hybrid system containing living 

cells as the triggers for rupture of the designed and fabricated so called artificial spores. So it 

was an artificially made system containing living cells. Similarly, when preparing artificial 

tumours (see Chapter 6.2) in liquid marbles, the living cells were the key components. Rather 

than about the study of artificial life we can speak about the engineering of systems that are 

not created by nature, but artificially from already pre-existing cells that are still alive. 

6.1 Artificial spores 

Before the description of the artificial spore idea, let me outline the background of this 

project, where we aimed to design a new kind of controlled release. In many natural systems 

and also in artificially made systems serving for example for controlled drug delivery several 

triggers can be used for the release of the content. The typical triggering stimuli are changes 

in temperature, light intensity, pH, ionic strength, or concentration of signal molecules, either 

chemical or biochemical (Figure 22) [157]. Our Laboratory of Chemical Robotics has long-

term experience with using of superparamagnetic iron oxide nanoparticles (SPIONs) and 

alternating magnetic field for radiofrequency heating. SPIONs can locally generate heat in a 

radio-frequency field by the combination of Néel and Brownian relaxation processes. My 

colleagues have investigated for example radiofrequency induced release kinetics from 

magnetic hollow silica microspheres [158], radiofrequency heating has also been used as a 

release mechanism from liposomes encapsulated into hydrogels containing also SPIONs 

[159-161]. I used the radiofrequency heating for controlled release from thermo-responsive 

capsules that consisted from poly-N-isopropylacrylamide (PNIPAM) and magnetic 

nanoparticles [162, 163]. 
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Figure 22. Examples of triggers for controlled release. 

The release of the content from the capsules could be by several mechanisms. In the case of 

core/shell particles, the shell can lose its compactness and then the content of the core can 

be released. For example (see Figure 23), the pores in a shell can be opened by dissolution or 

phase transition of the plugs in pores, the phase transition of the whole shell can occur or 

the shell can rupture because of the increase of internal pressure. The rupture of the shell or 

whole capsules usually happens because of osmotic pressure. However, in our concept of 

“artificial spores” we proposed new mechanism, as will be described further. 

 

Figure 23. Examples of the controlled release mechanisms. 
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In biology, a spore is defined as a reproductive structure that is adapted for dispersion and 

survival for extended periods of time in unfavourable conditions. Once conditions are 

favourable, spores can develop into new organisms. The activators of such a transformation 

from spore to cell could be e.g. nutrients, temperature, pH, or combination of these 

parameters. There are several reasons why the spores are formed in the nature:  

i. Spores allow organisms to survive for many (in some cases, millions of) years under 

adverse conditions, thus they serve as storage system for genetic information.  

ii. Spores shield cellular components in harsh conditions, and so spores have the 

protection function.  

iii. A spore must somehow "arrive" at a location and be there at time favourable for 

germination and growth. Some spores have flagella or other organelles that serve for 

the species dispersion to longer distances and new areas. Therefore spores serve as 

transporters of genetic information.  

 

Figure 24. Schematic principle of artificial spore rupture and liberation of an active 

substance into the environment caused by yeast cell growth in the culture medium. 

[164] 

In our work [165] we adopted the idea of spores and created hybrid alginate microcapsules 

with embedded yeast cells that are long-term stable and inactive and perform specific target 

mission only after activation by changing the conditions in their surround. The target aim is 
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to disintegrate and liberate and disperse the encapsulated content in proper time. The 

principle of such artificial spores is described in Figure 24. Under unfavourable conditions 

(absence of nutrients) no cell division of embedded yeast occurs and the composite 

microcapsules are stable in aqueous medium for extended periods of time without 

disintegration or release of their content. Once the microcapsules encounter favourable 

conditions (presence of nutrients, here provided by a culture medium), cell division and 

growth causes a rupture of the alginate capsule and release of the embedded components. 

Liposomes loaded with fluorescein represent a model “active” particulate substance that is to 

be liberated from the composite microcapsules. Additionally, iron oxide magnetic 

nanoparticles were also embedded within the composite microcapsules to facilitate their 

manipulation and separation by a magnetic field.  

 

Figure 25. Scheme of artificial spore preparation. Solution of sodium alginate, yeast 

cells, liposomes and magnetic nanoparticles is by means of Ink-Jet printing 

technology dropped into CaCl2 solution. Precipitated calcium alginate microcapsules 

are subsequently washed. [164] 

We focused mainly on problem (i) described above. Artificial spores were fabricated (see the 

schematic procedure in Figure 25) and their stability and inactivity for long time were 

investigated. The ability to activate in suitable conditions (in this case nutrients additions) 

was studied. Artificial spores cultivated in growth medium showed the ability to disintegrate 
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and release embedded objects into the surroundings. This mechanism acts as a biological 

trigger for controlled opening of the microcapsule. Further we concentrated on the 

protection function of spores (task (ii) above) [164]. Artificial spores were coated by solid 

silica shell and the viability of encapsulated yeast was tested (Figure 26). Although the 

coating process does not kill the cells, the cell growth in the microcapsules was not sufficient 

for the microcapsule disruption. Unfortunately this way of protection shell formation seemed 

to be unsuitable.  

Such artificial spores could find applications in biologically triggered controlled delivery e.g. 

of natural fragrances or benign fungicides. Another application of these objects could be as 

intelligent indicators of storage quality, as was discussed in our paper [165]. 

 

Figure 26. Laser scanning confocal microscopic images of alginate microcapsules with 

encapsulated yeast cells (viable cells visualized by green colour) and covered by 

fluorescently labelled silica shell (blue colour). [164] 

6.2 Artificial tumours 

Artificial life research focuses on questions related to origin of life, origin of a single cell and 

also origin of multicellularity [166]. Some researchers aim to develop theories and 

experiments concerning the emergence of multicellularity and organogenesis. Usually they 

combine genetic engineering and experimental evolution to study the different pathways 

leading to synthetic multicellular aggregates exhibiting fitness advantage under given 

environmental conditions. Multicellularity is one of the most significant innovations in the 

history of life on Earth, but why and how it initiated is still poorly understood [167].  
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In our previous work, we also created some multicellular objects artificially [89]. However, our 

aim was not to study the mechanism of cell clustering, adhesion and then cell division in this 

multicellular object, our ambitions were not to clarify the origin of multicellular clusters. The 

purpose of our work was to create small tumours, so called spheroids, which could serve 

later for example for drug testing, because they seem to be ideal as drug screening 

platforms. Thanks to their three-dimensional structure, spheroids can be used as reliable 

models of in vivo solid tumours. In comparison with their two-dimensional counterparts 

where the cells grow in a monolayer the spheroids reproduce better the real complexity of 

cancer microenvironment [168-170]. 

There are several methods for spheroid cultivation (e.g. using low adhesion plates, hanging 

drop plates or micro-patterned surfaces), however, we have used the novel technique and 

we have cultivated the HT-29 carcinoma cells in liquid marbles (Figure 27). The parametric 

study, where the size of liquid marbles and number of inoculated cells were changed, was 

performed in order to find the optimal conditions for spheroid formation [89].  We have 

confirmed that liquid marbles [86] can serve as micro-bioreactors for three-dimensional 

spheroids cultivation. This approach can be used in the future also for artificial life studies 

related to the origin of multicellularity. 

 

Figure 27. Spheroid cultivation in a liquid marble. 

Related works 

 Čejková J., Gorný D., Haufová P., Štěpánek F. "Artificial spores" - hybrid alginate 

microcapsules with encapsulated yeast cells. Proceedings of the Twelfth European 

Conference on the Synthesis and Simulation of Living Systems. 02.09.2013, Taormina, 

Italy. MIT Press, ISBN: 978-0-262-31709-2, 2013, pp. 818-823. 

 Čejková J., Haufová P., Gorný D., Hanuš J., Štčpánek F. (2013). Biologically 

triggered liberation of sub-micron particles from alginate microcapsules, 

Journal of Materials Chemistry B 1, 5456-5461. (Appendix 6) 



49 

 

 Janská P., Rychecký O., Zadražil A., Štěpánek F., Čejková, J. (2019). Liquid oil marbles: 

increasing the bio-availability of poorly water-soluble drugs, Journal of 

Pharmaceutical Sciences. doi: 10.1016/j.xphs.2019.01.026 

 Čejková J., Rychecký O. (2017). Tekuté kuličky, Chemické listy 111, 109-114.  

 Rychecký O., Majerská M., Král V., Štčpánek F., Čejková J. (2017). Spheroid 

cultivation of HT-29 carcinoma cell line in liquid marbles, Chemical Papers 

71(6), 1055–1063. (Appendix 7) 

  



50 

 

Artificial life is (not) dead. 

Takashi Ikegami 

7 Conclusions  

Chemical engineering itself is in principle interdisciplinary, because it is built on a foundation 

of sciences including chemistry, physics, mathematics and biology. Even knowledge in 

economics is important for chemical engineers. In this thesis I have introduced the field of 

artificial life which is an even more interdisciplinary research area, and one where chemical 

engineering approaches could contribute to research. I focused only on a small number of 

problems that ALife aims to solve, I have presented the projects related to wet ALife and to 

the creation of synthetic objects with life-like behaviour. The novel concept of droplets as 

liquid robots was discussed. The research in this area opens several challenges in both 

chemical engineering and artificial life. From a chemical engineering point of view the 

challenge is to fully describe the processes observed during phenomena like droplets 

changing shape or droplets behaving collectively. The droplets exhibit complex dynamics 

due to the competition of inertial, viscous, and capillary forces coupled with dynamic surface 

tension. The study of local transport processes at time-evolving interfaces seems to be a 

non-trivial problem. The complex behaviour of individual liquid robots and their interactions 

with other robots or the environment is still not well understood and further research is 

needed, namely studies related to fluid dynamics, phase transitions in the bulk and interfaces 

and reaction-diffusion driven processes. Further challenges for chemical engineers lie in the 

design of experimental setups for liquid robotic studies or the scale-up of their production 

for potential applications. 

The idea of liquid robots also opens new avenues in artificial life studies, because it 

contributes to the never-ending discussion of how to define the system which is alive, life-

like and without any attributes of life. Imagine a hypothetical situation where an external 

observer is shown a living cell and a morphologically equivalent non-living droplet (Figure 

28). Would such an observer be able to decide which object is alive and which one is just 

“life-like”? Similarly, is there any chance to discern any difference between the chemotaxis of 

living cells and simple non-living droplets? As Karel Čapek wrote in his theatre play R.U.R. 

discussed in the introduction of this thesis: “Robot is a man of different substance from us.” 

With such an approach we can say that droplets mimicking behaviour of living cells are 

entities that could be called “liquid chemical robots” - artificial cells made from other 

substances than cells created by Nature. Čapek’s idea that robots must be as simple as 
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possible is fulfilled in our approach of self-propelled droplets as liquid robots. They mimic 

cells by only sensing chemical gradients, following them by chemotactic response, and 

eventually changing their shape as well. For the specific purposes (e.g. to transport some 

object to the target destination) it is not necessary for liquid robots to have abilities such as 

reproduction or evolution.  

 

Figure 28. Comparison of a living cell and a morphologically equivalent non-living 

droplet. (a) Prosthecate freshwater bacteria Ancalomicrobium [67]. (b) Decanol 

droplet (scale bar corresponds to 1 mm) [47]. 

To conclude, let me discuss the present position and future of ALife. In the book titled 

“Artificial Life – An Overview” [171] from 1997 edited by Christopher G. Langton (the founder 

of ALife field), it states in the introduction: “Artificial Life is not yet ready to be constrained by 

quick and short definitions - the field is still in the process of defining itself, as is proper for any 

new discipline.” And now, more than 30 years from the establishment of the ALife field, I 

would say that the field is still evolving and dynamically changing and there is still no unified 

definition of ALife accepted by all ALifers. Similar to how the AI field have had several 

“winters” in the past, ALife has also experienced its own “ups and downs”. In 2008, at the 
international conference held in Winchester Takashi Ikegami presented a keynote speech 

titled “Artificial life is dead”. He actually thought so at the time, because of the lack of 

progress in solving problems in the Alife field. However, now it is not only possible to think 

about life and ALife phenomena through computer simulations, but also through art, web 

systems and games. Laboratory facilities have also enabled progress in wet ALife studies. We 

can speak about a neogenesis of artificial life, which was supported by Ikegami’s new 

statement in 2018: “Artificial life is not dead”. Even though ALife is still an unknown field to 

many people and it has almost no history in the Czech Republic. I believe that with the 

proper dissemination of activities the situation could change and ALife could attract the 

attention of not only scientists and students, but also the general public.  
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Abstract Liquid droplets are very simple objects present in our
everyday life. They are extremely important for many natural
phenomena as well as for a broad variety of industrial processes. The
conventional research areas in which the droplets are studied include
physical chemistry, fluid mechanics, chemical engineering, materials
science, and micro- and nanotechnology. Typical studies include
phenomena such as condensation and droplet formation, evaporation
of droplets, or wetting of surfaces. The present article reviews the
recent literature that employs droplets as animated soft matter. It
is argued that droplets can be considered as liquid robots possessing
some characteristics of living systems, and such properties can
be applied to unconventional computing through maze solving or
operation in logic gates. In particular, the lifelike properties and
behavior of liquid robots, namely (i) movement, (ii) self-division,
and (iii) group dynamics, will be discussed.

1 Introduction

The word “robot” was first introduced in 1920 in a famous Czech play R.U.R. (Rossumʼs Universal
Robots) [22], where robots are not clanking metal constructions, but humanlike beings made of soft
matter. The author of the play, Karel Čapek, describes them as being made of a protoplasm—a
substantive essence of living matter. It is described by Domin in the first act as “a blob of some
kind of colloidal jelly that even a dog wouldnʼt eat.” At the time the similarities between colloidal
materials and the living protoplasm inside cells was already being investigated [27, 37].

Today robots are typically thought of as dynamic electromechanical objects. In contrast, Čapekʼs
robots did not have wheels, electric power, or computer systems to control them. They were based
only on chemical principles and consisted of fluidic colloidal substances. Thus we can consider a
droplet based on chemical principles and activated through fluid dynamics to be an embodiment of
robotics more sympathetic to Čapekʼs original conception. Such soft-bodied robots might be made
from a variety of substances, including liquid droplets [56] and gels [68]. Such chemical and liquid
robots could perform autonomous movement through the exploitation of chemical potential
without using predefined mechanical parts, but rather using self-organized fluid dynamics.
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The play R.U.R. is famous not only because of the invention of the word “robot”; it was a con-
troversial play that was ahead of its time. Briefly, it was about a mad scientist, Rossum, who dis-
covers how to create artificial life and starts creating artificial human beings. What follows is a
factory for making robots, a robot rebellion, and the extinction of the human race. Although the
play is almost one hundred years old, it provokes many contemporary questions. In a way, R.U.R.
also predicted biological engineering, which is now taking halting steps toward creating artificial life.
In addition the play used the term “robotka” for female robot, even without gender equality require-
ments in its time. Only the masculine form “robot” found its way into many languages; the word
“robotka” is not used, even in Czech.

The term “robot” derives from the Czech word “robota,” which means forced labor. In the context
of robots in general this meaning still holds. In the context of droplets as liquid robots, we can argue
that any force acting on the droplet would induce a response such as movement, division, or release
of content. In this article we will develop the idea that forces shape the dynamics of droplets in many
different liquid robot contexts.

In another view, droplet-based liquid robots can be considered as a physical embodiment of
Braitenbergʼs vehicles [18]. These motile vehicles possess simple environmental sensors linked to ac-
tuators at the wheels for movement. In this way Braitenbergʼs vehicles were capable not only of
motion and directed taxis, but also of complex behaviors. It can be argued that mobile droplets
possess the basic attributes of vehicles (e.g., sensors, actuators, body), including sensory-motor cou-
pling [46, 51, 57].

The present article is structured as follows. First we introduce droplets in general. Then a literature
overview is given to summarize the context of droplet behavior: (i) movement, (ii) self-division,
and (iii) group dynamics. This is followed by some examples of droplets moving in mazes or
manipulated in logic gates. Finally, liquid marbles are presented as another potential embodiment
of liquid-based robotics.

2 Droplets and Vesicles

Droplets are liquid entities for which a degree of immiscibility is required between at least two
phases (gas-liquid or liquid-liquid), and the attractive and repulsive interactions between molecules
at the interface can give rise to a surface tension, which defines among other things the shape of a
droplet. Standard examples include water droplets in air [95], water droplets in oil [5], and oil drop-
lets in water [24]. In addition, molecules can partition preferentially into the water or the oil phase,
depending on their hydrophilic or hydrophobic properties. For example, oil-soluble dyes (e.g., Oil
Red O, Sudan Black) are used for better visualization of oil phases, while inorganic salts (e.g., NaCl)
dissolve preferentially in aqueous phases. However, surfactants, which are amphiphilic molecules
containing both hydrophilic and hydrophobic groups, self-assemble on the phase boundary
(Figure 1). Surfactants are surface-active compounds that can lower the interfacial tension between
the two phases. Droplets can of course form also in the absence of surfactants, but surface-active
molecules that self-assemble at the droplet boundary are useful in modulating the interfacial tension
of the interface and therefore the properties and behavior of droplets. Another purpose of surfactants
is to stabilize droplets by lowering in general the interfacial tension and suppressing droplet
coalescence.

When an aqueous droplet is covered by a continuous lipid bilayer in a bulk aqueous phase, it is
called a vesicle [11]. The self-assembled amphiphilic molecules on the vesicle surface define the ves-
icle. In principle a vesicle is a water-in-oil-in-water droplet with an aqueous core that can contain
water-soluble molecules and a lipid bilayer membrane where oil-soluble molecules can be incorpo-
rated. Vesicles are dispersed in the continuous water phase and range in size from tens of nanome-
ters to hundreds of micrometers. For artificially made vesicles using phospholipids or lipids derived
from biomembranes, the term liposomes is often used, and applications for liposomes range from
artificial cells [60] to drug delivery to microcontainers [98].
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Droplets can be produced in various ways. To produce a single droplet or a few droplets, simply
dropping liquid from a micropipette or a syringe can be sufficient. Large quantities of droplets can
be produced by a wide range of techniques including, for example, atomizers, nebulizers, and
homogenizers of various designs. These techniques will produce thousands to millions of droplets
dispersed in the continuous phase as emulsions. Typical architectures include oil in water (Figure 1b)
or water in oil (Figure 1c) emulsions, but more complex organizations such as double emulsions also
exist [36]. The implementation of robotic platforms and microfluidics for the generation and analysis
of droplets has been demonstrated [43, 47, 49, 59, 74]. In general, droplets can be produced easily.
However, long-term stability is typically achieved through the presence of surfactants, which
increase the kinetic stability of the system.

3 Moving Droplets

Droplets can be designed to move and can be controlled by various external forces, and thus the
droplets can mimic both the behavior of nonliving objects, such as rocks rolling down a hill, and also
the behavior of living cells or small organisms that can move purposefully in response to various
stimuli. There are several examples of motion due to applied forces or perceived stimuli: Gravita-
tional force induces gravitaxis (geotaxis), a gradient of chemicals that are soluble in the fluid induces
chemotaxis, movement in the gradient of cellular adhesion sites or substrate-bound chemoattrac-
tants is called haptotaxis, electrotaxis (or galvanotaxis) is directional movement in response to an
electric field, magnetotaxis is movement in a magnetic field, phototaxis is the ability to respond
to light, and thermotaxis is migration along a gradient of temperature. These kinds of natural move-
ments are well known for biological objects that have locomotion organelles [23], and in the same
way the movement of synthetic objects can be studied for orthologous dynamics. If droplets can
become animated and follow one or more of these types of motion, then it would be justified to
argue that they are liquid robots, as one of the primary characteristics of robotics is programmed
movement. Although it is not common to term moving droplets as robots [56, 92], in the case of
solid particles we commonly encounter terms such as swimming micro- or nano-robots [16, 65, 70,
78]. The different types of motion will be presented in the following subsections: Section 3.1 will
describe artificial haptotaxis, Section 3.2 will summarize the movement of droplets mimicking
chemotaxis, and Section 3.3 will present other examples of oriented movement (such as magneto-
taxis or galvanotaxis of droplets).

Figure 2 shows several contexts in which a droplet can be placed and tasked for movement,
viewed in vertical cross section. Droplets have been shown to move when placed on a solid surface
in air [21] (a), surrounded fully by another liquid (b), or placed in a thin layer of a liquid in contact
with both substrate and air [24] (c). When there is an interaction of droplet with solid substrate, the
shape of the droplet can change as a result of change in contact angle. Another type of droplet

Figure 1. (a) A representation of an amphiphilic surfactant molecule consisting of a hydrophilic head that preferentially
partitions in the aqueous phase and a hydrophobic tail that preferentially partitions in the oil phase. Different architec-
tures of surfactants in differently arranged multiphase systems: (b) oil droplet in water phase, (c) aqueous droplet in oil
phase, (d) vesicle consisting of a phospholipid bilayer.
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motion is swimming (d), in the case when the droplet and surrounding liquid have similar densities.
This will require that viscosity dominate and the droplet move by creating friction with the sur-
rounding fluid. The floating of a droplet on the surface of another liquid (e) happens if the droplet
has a lower density than the continuous phase. Both internal droplet dynamics and proximal fluid
dynamics in the surrounding fluid may govern droplet movement. Finally, in microfluidics the drop-
lets can move within channels (f ). The width of channels and the droplet diameters have similar
magnitudes, and the channels are not open to the air. However there can be a configuration where
the droplet moves in a channel that is open to the air [62]. Some atypical experimental setups have
been used; for example, Sumino et al. have shown rotational motion within a circle normal to the
horizontal plane and climbing motion on a stairlike substrate [90].

Studies on oil droplet movement can be performed in various geometrical configurations.
Various arenas, shown from the top, are presented in Figure 3. Commonly a round petri dish is
used with various depths of the continuous phase [94], where 2D trajectories of droplets are
observed and recorded (a). Circular channels can be created, for example, by two rings attached
to the glass substrate [76] (b). The space between the inner and outer rings (walls) forms in principle
an endless channel ideal for self-propelled droplet experiments. Simple architectures are based on
rectangular cells or wide channels (c). Some works deal with droplet movement in more complex
systems such as mazes [24, 62] (d).

Figure 2. Configuration of droplet movement experiments in a side view: (a) droplet on a solid substrate surrounded by
air, (b) droplet on a solid substrate surrounded fully by another liquid, (c) droplet on a solid substrate placed in a thin
layer of another liquid, (d) droplet freely swimming in another liquid, (e) droplet floating on the surface of an another
liquid, (f) droplet in a channel.

Figure 3. Configuration of droplet movement experiments in a top view: (a) round dish, (b) circular channel, (c) straight
channel, and (d) maze.
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The droplet movement can be characterized by various parameters; the most common ones are
directionality and velocity. Other parameters include acceleration, pause duration, and turning angle
[46, 51, 57]. In our article [24] on chemotactic decanol droplets we evaluated also the induction time,
that is, the time needed for the response to the chemical signal. In the following text, we will
summarize experiments according to the designed experimental setup.

3.1 Droplet Movement on Solid Surfaces
In nature, motion induced by an adhesion gradient is called haptotaxis. Droplets can move on solid
surfaces without an additional continuous liquid phase if there is any difference in surface properties
between the front and the rear of the droplet. This usually results in a difference in contact angle
between different parts of the droplet and produces artificial haptotaxis. We present examples below
that might be used for various targeted outcomes, such as reversible or irreversible movement.

The classic experiment by the Whitesides group showed how droplets of water can in fact move
“uphill” against gravity if the solid surface is patterned with areas that affect the contact angle of the
droplet [53]. Droplets consisting of n-alkanes and silane molecules behave as self-runners on hydro-
philic glass or silicon substrates [32]. The mechanism is based on leaving a hydrophobic coating on
the hydrophilic substrate, which shifts the center of mass and pushes the droplets towards the ex-
posed hydrophilic area. The movement stops due to depletion of free hydrophilic substrate. It is
noted that the droplet trajectories never cross. In another study, reversible self-propelled droplet
movements of long-chain alkanes at solid-gas interfaces have been shown [63], with reversibility
of movement modulated by temperature changes near the alkane bulk melting temperature.

Cira et al. [21] have shown that miscible liquids such as propylene glycol and water deposited on
clean glass cause the motion of neighboring droplets over a distance, because these droplets are
stabilized by evaporation-induced surface tension gradients. The droplets move in response to
the vapor emitted by neighboring droplets. This kind of movement enables the crossing of droplet
trajectories, and no permanent change of substrate surface occurs.

Sumino et al. [90] described oil droplet movement on a glass substrate that is based on a differ-
ence in surface tension between the front and the rear of the droplet. This mechanism also
allows reversible movement. They have also studied self-running motion of an oil droplet on an
acid-treated glass substrate [89]. Similarly, squalene droplets move on a hydrophobic solid substrate
[44]. Thus, when using specific substrates and chemical droplets, haptotaxis can be artificially created
and studied as long as the system can maintain a differential in surface energy along the droplet with
the underlying substrate. This creation and maintenance of a differential in surface energy also un-
derlies the mechanisms of droplet movement presented in the following subsections.

3.2 Chemotactic Droplet Movement
In nature, if a motile cell senses soluble molecules and follows a concentration gradient to the
source, or if it moves away from a source of undesirable chemicals (e.g., repellent, toxin), it is dis-
playing a directional movement called positive or negative chemotaxis, respectively [23]. This phe-
nomenon is well known to biologists and intensively studied in living systems. Recently a few
laboratories have started to focus on the movement properties of artificial constructs, including
the directional movement of nonliving objects in chemical gradients, and such movement is usually
called artificial chemotaxis.

Almost all observed movements of droplets in chemical gradients are in fact movements due to
gradients of surface tension that are induced by chemical signals. These systems usually involve two
immiscible liquids, with one liquid forming the droplet and the other forming the continuous phase
(Figure 2b–f ). When a surfactant is placed in an aqueous system, it self-assembles at the air-liquid or
liquid-liquid interface and lowers the surface tension of the system. Kurup and Basu [35, 61] have
used the term tensiophoresis for droplet movement due to a gradient of surface tension. When the
surface tension of a liquid is altered, liquid and surfactants flow from areas of low surface tension
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to areas of high surface tension along an interface. This flow continues until the differential in in-
terfacial tension is null, and this phenomenon is known as Marangoni flow.

The Marangoni-type oil droplet movements are driven by thermal or chemical concentration
gradients that affect the local interfacial tension. The properties of the movement are dependent
on the size and shape of the droplets. Nagai et al. [73] have found that a pentanol droplet with a
volume of less than 0.1 Al shows irregular translational motion, whereas intermediate-sized droplets
of 0.1–200 Al show vectorial motion. This mode selection is interpreted in terms of competition
between the droplet size and the critical wave number in the instability due to the Marangoni effect.
In addition, Horibe et al. [51] showed mode-switching for oleic-anhydride-fueled oil droplets that
again depended directly on the size (volume) of the droplets. For this system it was also argued that
the self-moving oleic-anhydride-fueled oil droplets are an embodiment of homeostasis and therefore
contain the basis for sensory-motor coupling. Later, possible memory effects in these self-moving
droplets were reported, implying perhaps a limited degree of autonomy [46, 57].

We have studied the movement of 1-decanol droplets in the presence of sodium decanoate so-
lution [24] (Figure 4a). Decanol droplets were able to follow salt additions and mimic the chemo-
tactic behavior of living organisms [23]. This droplet system has also the ability to reverse the
direction of movement repeatedly, to carry and release a chemically reactive cargo, to select a stron-
ger concentration gradient from two options, and to initiate chemotaxis by an external temperature
stimulus. Again here the interfacial tension between the decanol droplets and the surrounding aque-
ous solution is governed by the interaction of the decanoate surfactant with the added salt gradients.

A system of oil droplet movement based on fatty acid chemistry has been proposed by Hanczyc
et al. [45, 48, 97] (Figure 4b). An oil phase containing oleic anhydride precursor was introduced into
an aqueous environment that contained oleate micelles. The products of the precursor hydrolysis
were coupled to the movement of the oil droplet and the production of waste vesicles. The oil
droplet successfully moved away from this waste product into fresh unmodified solution, displaying
a form of chemotaxis. It has been also shown how droplets can move in a pH gradient. In this case
the droplets move as they consume the on-board fuel. The droplets move as they generate a local
pH gradient through the chemical hydrolysis of the precursor. The self-generated pH gradient then
affects the interfacial tension between the droplet and the aqueous environment. As verification of
the mechanism, the autonomous motion can be overridden by large external pH gradients imposed
on the aqueous environment, resulting in directed chemotaxis. The same chemistry was used by
Suzuki et al. [92], who prepared an alginate gel capsule robot with an embedded droplet.

Ban and Nakata [8] have studied nitrobenzene droplets containing di-(2-ethylhexyl)phosphoric
acid (DEHPA) in a phosphate buffer solution. In this system, gels containing various alkaline-earth
metal ions induced movement of oriented droplets, mimicking chemotaxis. The directional move-
ment was due to the metal ions creating asymmetric convection due to interfacial surface tension
differences. In addition the same droplets are responsive to pH gradients [10]. pH-sensitive move-
ment was shown also by Banno et al. [13]. They used n-heptyloxybenzaldehyde oil droplets that were
self-propelled in the presence of ester-containing cationic surfactant. Later they studied the differ-
ences in droplet behavior dependent on surfactant concentration and type and also the phosphate
concentration [14]. This group [72] also demonstrated the underwater self-propelled motion of
micrometer-sized oil droplets controlled by using chemical reactions, namely pH-induced motion
of 4-heptyloxybenzaldehyde droplets using a hydrolyzable gemini cationic surfactant. In this study
the droplets moved towards higher pH, where the rate of hydrolysis was increased (Figure 4c).

In the previous examples, the importance of a chemical gradient, either self-generated or exter-
nally imposed, is noted for producing an imbalance in the interfacial tension around a droplet,
resulting in chemotactic droplet movement. The formation of a chemical gradient that triggers drop-
let movement can also be controlled by light and is then termed photo-driven chemopropulsion
(photo-chemopropulsion) [33]. Photoirradiation in the close proximity of a dichloromethane
(DCM) droplet containing 2-hexyldecanoic acid (HDA) and chromoionophore I (CI) (molar ratio
HDA : CI ≈ 170 : 1) initiates a rapid pH change in the aqueous channel fluid. This leads to a cascade
of events involving, for example, protonation of the 2-hexyldecanoate ion and a change in surface
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tension of the fluid surrounding the droplet, resulting in a fast movement of the droplet away from
the light source.

Directed motion of a nitrobenzene droplet floating in an aqueous solution can be generated by
using a laser beam, which causes a local increase of temperature leading to temperature-induced
Marangoni convection [82]. With these laser-induced flows the droplet is able to move backward

Figure 4. Examples of moving droplets. (a) Schematic representation of repeatable chemotactic decanol droplet move-
ment in a salt gradient (reprinted with permission from [24]; © 2014 American Chemical Society). (b) Nitrobenzene
droplet containing oleic anhydride and Oil Red O as colorant moving in a dish containing both oleate micelles and a pH
indicator thymolphthalein (reprinted with permission from [45]; © 2011 The Royal Society). (c) pH-induced self-propelled
motion of micrometer-sized oil droplets controlled by using chemical reactions (reprinted with permission from [72];
© 2014, American Chemical Society).
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or forward, depending on whether the laser beam is focused on the top or the bottom part of the
droplet. Dixit et al. [30] have shown that water droplets covered by a surfactant or a lipid monolayer
immersed in an organic liquid (decanol or mineral oil) can be controlled using infrared light via both
the thermocapillary effect and convection. Hu and Ohta [52] have shown the manipulation of aque-
ous droplets by optically induced Marangoni circulation. For more details about Marangoni-driven
swimmers we recommend the recent review article of Maass et al. [67]. Table 1 in [67] summarizes
the properties of different droplet systems, namely droplet size, droplet velocity, and active
swimming period.

In these experimental systems, it is clear that when the physical mechanism of droplet motion is
known, the droplets can be manipulated, resulting in various forms of directional taxis. The systems
are typically compositionally very simple, and therefore external control is relatively easy to imple-
ment. Precise control may be exerted more efficiently using light/thermal gradients rather than
purely dissipative chemical gradients. This type of artificial chemotaxis of droplets should be con-
trasted with biological systems, which are vastly more complex, and whose taxis mechanisms are
complicated. Living cells responding to and then decoupling from external stimuli are common
and result in a kind of autonomy. The liquid robots presented here are far less autonomous and
perhaps more easily controlled. It is possible that as the degree of complexity in droplets is increased,
so will their autonomy. The degree of external control necessary for directed motion can then be
experimentally tested.

3.3 Other Types of Droplet Movement
A fully functioning electromagnetic actuation (EMA) system for the manipulation of liquid robots
was proposed and fabricated by Zadražil et al. [100]. The system consisted of a custom-made ex-
perimental setup using a set of four solenoids and a control algorithm written in LabVIEW software
with micro-droplets moving with two degrees of freedom on an air-water interface. The magnetic
liquid robots were made from kerosene droplets (stabilized by Tween 65) containing iron oxide
nanoparticles (size approximately 10 nm). The EMA system proved to be a robust system for ma-
nipulation and navigation of droplets of variable size (diameter 100 Am–1 mm). Furthermore, the
LabVIEW-based algorithm was effective in performance and manipulation tasks. Using a video
feedback loop to obtain information about the instantaneous droplet position and velocity, the al-
gorithm calculates the currents required in each of the four solenoids such that the resulting mag-
netic force acting on the droplet drives it in the desired direction. The algorithm is optimized to
achieve a “soft landing,” that is, to smoothly decelerate the droplet as it approaches the target
setpoint without overshooting it. The system allows the user to freely switch between locomotion
tasks (user-defined target position, user-defined trajectory, or gamepad control), and so it provides
the basis for a wide range of potential future applications involving the use of such liquid robots.

There are additional systems for the two-dimensional magnetic manipulation of droplets, such as
manipulation of aqueous droplets suspended in silicone oil [64]. For example, water droplets can be
coated with magnetic porous Si nanoparticles in dichloromethane [31] and manipulated with external
control. The ability to control the magnetic droplets by external magnetic fields shares some simi-
larities with remote control of traditional mechanoelectrical robots in that no contact between the
robot and the operator is necessary.

Overall, most studies of droplet movement analyze lateral motion. There are only a few works
that describe vertical motion. As an example, Phan [79] has demonstrated the vertical oscillation of a
water droplet between two stationary water-oil interfaces. This mechanism of oscillatory motion is
not due to magnetism, but rather to the electrostatic interaction of the droplet with either interface.
When in proximity to one interface, the electrostatic potential of the droplet changes and the droplet
then travels to the other interface, where the electostatic potential again changes, resulting in repeat-
able oscillations in the vertical dimension.

Velev et al. [99] have shown a liquid-liquid microfluidic system for manipulating freely suspended
water or hydrocarbon droplets, which float on a denser perfluorinated oil and are driven by an
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alternating or constant applied electric field. Apart from the influence of applied magnetic or electric
fields, the motion of droplets has been observed on a horizontal air-water interface purely due to
surface tension effects. For example, it was recently shown how an oil droplet is repelled by a me-
niscus in pure water but shows the opposite behavior and is attracted to the wall when surfactant is
added to the water [66]. The addition of surfactant changes the interfacial energy and therefore the
macroscopic behavior of the system. That article also presented a very simple system consisting of
drinking water, plant oil, and dishwashing detergent as surfactant. This is a good example of the fact
that liquid robots are in principle already easily accessible and exploitable.

Motile droplets as in the examples above can be quite simple in composition. A more intricate
system was developed by Sanchez et al. [84]. They observed self-sustained flows in active gels in the
absence of external forces. Their active gel consisted of substances extracted from living cells;
namely, the protein streptavidin served as a scaffold where clusters of kinesin motor proteins were
assembled and mediated the bundling of microtubules. Such an active gel was introduced into water,
forming water-in-oil emulsions, and autonomous droplet motility was observed due to self-sustained
active flows of microtubule bundles at the inner surfaces of droplets. The dynamic properties of this
material stemmed from the higher-order assembly of active molecules into emulsion droplets.

4 Droplet Division

The field of robotics continues to develop robots from new materials and with new functionalities.
For example, stretchable and deformable electronic devices have been introduced, showing distinct
advantages over standard rigid wafer-based systems [81]. Some target functionalities of new types of
robots include self-healing, shape change (morphing), reconfiguration, and self-replication. For ex-
ample, several studies in robotics demonstrate how a robot can replicate by moving, collecting, and
assembling another copy of itself from provided parts [91].

With regard to liquid robots, Grzybowskiʼs group has studied the self-division of macroscopic
droplets [19]. A droplet of dichloromethane that contained 45–50% 2-hexyldecanoic acid (2-HDA)
was placed in a solution of KOH (pH 12). The interfacial reaction between 2-HDA and the base led
to the accumulation of the deprotonated 2-HDA at the interface and to the increase of the interfacial
area (elongation of the droplet). The droplet divided into two smaller droplets, and they divided
further in the same way, until nanometer size was reached. The droplets could divide indefinitely
and thus dissolve, or division could be limited under the control of the pH.

Later, Caschera et al. [20] showed that nitrobenzene droplets loaded with cationic surfactant and
added to anionic surfactant formed tori, followed by breaking into two or more smaller droplets
(Figure 5a). The division event occurs through a temporary minimum in interfacial tension coupled
with fluid dynamics as the catanionic system approaches equilibrium. Conditions that support spon-
taneous droplet fission were tested for several different surfactant pairs. Also, salt-induced droplet
fusion in cationic surfactant has been shown, demonstrating a rudimentary fission-fusion cycle
capable of the addition of new chemistries or refueling of the droplets.

In addition, Derenyi and Lagzi [28] have shown a self-division of millimeter-sized fatty acid drop-
lets, again governed by surface tension effects. The division was controlled by an autonomous chem-
ical reaction (a pH clock reaction). The pH change affected the protonation state of the fatty acid
head groups; the change in fatty acids led to a change of surface tension followed by destabilization
and expansion of the droplet. The resulting ringlike structure became unstable (Plateau–Rayleigh
instability) followed by the coalescence of some connected protrusions and the division of the un-
stable droplet. Statistically, the most frequent outcome is the self-division of a droplet into two
daughter droplets of the same size.

Both self-propelled motion and division of micrometer-sized oil droplets induced by chemical
conversion of the oil components was studied by Banno and Toyota (Figure 5b [12]). Hydrolysis
of the surfactant in the system produced a hydrophobic product that added to the mass of the oil
droplet, and eventually this resulted in droplet division [15]. From a theoretical and modeling
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perspective, Schwartz et al. discussed the analogy between cell division (and propulsion) and the
division of droplets in the presence of surfactants and determined that the energies required to drive
both motion and division are quite small [86]. Their hypotheses are based on the work of Greenspan
[40, 41], who studied this problem in the 1970s.

Another self-dividing system was introduced by Sato et al., testing the influence of surface area
on the state of the system [85]. Their assumption is that a synthetic cell will divide if the ratio of the
surface area to volume increases. Their droplets (formed by a mixture of sorbitan monooleate (Span 80)
and polyoxyethylene sorbitan monooleate (Tween 80) with alkaline phosphate buffer solution)
were placed in a hydrophobic oil (mineral oil or liquid paraffin with p-nitrophenyl palmitate (pNPP)).
The aqueous droplets increased their surface area through a hydrolysis reaction. Division occurred

Figure 5. Examples of dividing droplets. (a) Spontaneous droplet division (reprinted with permission from [20]; © 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (b) Schematic illustration of the proposed mechanism for multiple
division of self-propelled oil droplets (from [12]; © The Royal Society of Chemistry 2015). (c) Magnetically triggered
ferrofluid droplet division on a superhydrophobic surface (reprinted with permission from [95]; © 2013 American
Association for the Advancement of Science).
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through the increase in surface area, and it was shown that the temperature and viscosity of the
microenvironment influenced the division types (e.g., equal versus unequal divisions, and multiple
buddings).

Armstrong and Hanczyc [5] revisited a dynamic water-in-oil system first described by Bütschli in
1892. In their experiments, sodium hydroxide was added to olive oil in a Petri dish, and lifelike be-
havior of aqueous droplets was observed, including droplet group dynamics. Various kinds of droplet
division and other behavior modes (explosion, vibration, stardust, galaxies) were observed by
Croninʼs group when searching the compositional space of the droplets placed in an aqueous phase
[43]. Song et al. [87] have shown the splitting of droplets by laser irradiation. It is notable that in [43]
the behaviors of droplets were selected over time, resulting in the evolution of droplet composition.
This demonstrates that the behavior of droplets is tied to their individual composition. From a
robotics perspective, the chemical content of a droplet could be considered as its programming.

On the other hand, droplet division can be manipulated by externally imposed forces. Timonen
et al. [95] have shown manipulation and division of magnetic aqueous ferrofluid droplets on a low-
friction lotus-leaf–like superhydrophobic surface with an external magnetic field (Figure 5c). A
ferrofluid droplet was subjected to increasing magnetic field from a cylindrical permanent magnet. This
resulted in a division into numerous daughter droplets that formed different static self-assembled
patterns to minimize their total energy. When the magnetic field decreased, the relaxation of conical
daughter droplets into spherical ones occurred.

Recently, we have found that decanol droplets surrounded by a decanoate solution containing salt
perform intriguing shape changes [26]. Depending on the initial system composition, interesting
patterns (e.g., stars, tentacular structures) are observable during the evaporation of the aqueous
phase. In addition, the division of droplets can occur. The interesting point is that when the evap-
oration is completed, the droplets usually return more or less to the original spherical shape. Such
reproducible morphological changes in simple droplets, dependent on the initial state of the system,
can be used to produce predictable temporal state changes in liquid robotics.

Much like the mechanisms of self-motion, droplet division appears to be achievable if the inter-
facial tension is reduced. This is often governed by the addition or production of surfactants. Under
these conditions a small amount of energy in the form of internal or external fluid dynamics appears
to be enough to trigger division events. The division may be noisy, producing several droplets of
various dimensions, or well-controlled, transforming one droplet into two daughter droplets of the
same size. In all examples provided here we can see the propensity for liquid droplets, either pushed
from equilibrium or created far from equilibrium, to produce such dynamics. Such soft-material
properties of droplets make them ideal for key aspects of soft robotics, namely self-healing, shape
change (morphing), reconfiguration, and self-replication. Consider a robot tasked to pass through a
small hole. The droplet can divide, go through in the form of smaller objects, and then coalesce to
form the original liquid robot.

Although we have highlighted a few examples from the literature in which the controlled fusion
and division of droplets was studied, the development of a functional liquid robot remains a
challenging task.

5 Problem Solving by Droplets

5.1 Droplets in Mazes
Above we summarized diverse approaches to animating droplets for both motion and division.
Several groups have applied such dynamic liquid robots to solve rudimentary tasks. For example,
could a self-moving droplet solve a maze? Maze solving, and finding the shortest path or all paths in
mazes, are computational problems that could be solved by using algorithms. There are several types
of mazes that could be treated. Here we will consider only 2D perfect mazes (called also simply
connected mazes), mazes without any loops or closed circuits and without any inaccessible areas.
From each point, there is exactly one path to any other point, and the maze has exactly one solution.
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There are several approaches a human might take toward maze solving [7]. Imagine a human
being standing at the starting point of a huge perfect maze. Here we will introduce just three sim-
plest options. First, the human can use the algorithm called random mouse, meaning to run randomly
in the corridors and hope to find the way out. A disadvantage of this algorithm is that it is extremely
slow and there is a probability that the human will never reach the exit. A better approach is to use
the wall-follower algorithm, which is based on keeping one hand in contact with one wall of the maze
and following that wall. The solver is guaranteed not to get lost and will eventually reach the exit.
The time spent in the maze may depend on the choice of hands; sometimes a left-hand path may be
much shorter than a right-hand path or vice versa. If the solver has a chalk, a Trémauxʼs algorithm
can be implemented. In this method the solver makes a random decision where to go from the start
point and draws lines on the floor to mark his path. If the solver reaches the endpoint of any cor-
ridor, he goes back to the closest crossroad where he chooses any corridor that he has not visited
yet. The paths are either unlabeled (which means unvisited yet), marked once, or marked twice
(meaning leading to the dead end). These approaches work also for traditional robots, programmed
to behave similarly to people.

It is also possible for self-propelled droplets to solve mazes. The self-propelled droplets can im-
plement the random mouse algorithm, with a low probability that the droplet will reach the exit; the
time for solving the maze may be long. The wall-follower and Trémauxʼs algorithms are not appli-
cable to liquid droplets without some further signal that could prompt the liquid robot towards the
exit [38].

In all articles where it was shown how chemotactic droplets can solve a maze, the droplets have
in fact followed the shortest path predefined by a concentration gradient in the channels of the
maze. Therefore diffusion and Marangoni flows are the physical solvers of the maze in principle,
and the droplet follows the gradients in order to minimize its free energy [2]. The chemoattractant
(i.e., the chemical substance placed at the exit) diffuses and causes a surface tension gradient that a
droplet can sense. If the liquid robot is placed anywhere in a perfect maze and follows the steepest
gradient, it reaches the source of the chemical signal. The intelligence of liquid robots is not in the
ability to find the target, but in the ability to follow the track leading to the target. Note that not all
droplets have this ability and not all kinds of droplets can follow the gradient chemotactically.

We have shown that decanol droplets are able to solve a maze containing a thin layer of sodium
decanoate solution and locomote to the position with the highest concentration of salt (Figure 6a

Figure 6. Examples of droplets in topologically complex systems. (a) Chemotactic decanol droplet following salt in a maze
(reprinted with permission from [24]; © 2014, American Chemical Society). (b) Maze-solving HDA droplet following
HCl gradient (reprinted with permission from [62]; © 2010, American Chemical Society).
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[24]). In principle the path was indicated in advance as the salt spread from the source point by dif-
fusion and Marangoni-induced flow along the liquid surface. The decanol droplet representing the
liquid robot demonstrates the ability to follow this path without mistake and without exploring alter-
native paths. In the absence of the gradient of surface tension and determination of the shortest path,
the droplet remains at the start point without any long-distance motion or exploratory behavior.

Lagzi et al. [62] have shown maze solving by chemotactic droplets, where oil droplets (mineral oil
or dichlormethane) containing 2-hexyldecanoic acid (HDA) were able to move to the area with
lowest pH (Figure 6b). As in the case described above, the pH gradient predefined the proper path,
and the oil droplets with HDA followed this path. As a control, droplets without HDA have not
shown chemotactic ability and have not followed the gradient. In principle, the H+ ions from the
target of the maze were the physical solvers of the maze, while the droplets enabled visualization of
the shortest path [2].

Francis et al. [34] presented self-propelled chemotactic ionic liquid droplets that spontaneously
travel along the liquid-air interface by release of surfactant-type ions when following HCl, similarly to
Lagziʼs system. The droplets were placed in any position within the fluidic network, and in every
case they spontaneously traveled towards the chemoattractant source.

A further example of solving mazes by droplets is a recent article by Jin et al. [54]. They present
self-propelling artificial swimmers in the form of oil droplets in an aqueous surfactant solution
driven by interfacial Marangoni flows induced by micellar solubilization of the oil phase. The authors
demonstrated that chemotaxis along micellar surfactant gradients can guide these swimmers through
a microfluidic maze.

The intelligence of droplets consists in their ability to follow environmental signals; they are not
able to solve the maze by themselves. This is not trivial, in that a droplet is able to sense its imme-
diate environment and then link the environmental patterning to self-motion. Using ionic liquids for
liquid robots instead of organic compounds will have advantages due to their negligible vapor pres-
sure, low combustibility, and high thermal stability. Further, they are suitable solvents for numerous
chemical species and can be used in a wide range of harsh reactions.

5.2 Droplets in Logic Gates
Research in unconventional computing includes analyzing new types of systems for their ability to
perform basic logical operations. In some ways these unconventional systems mimic their electronic
counterparts, but there are striking differences, including slow processing and high parallelism. It has
been already shown that logical arguments could be performed by unconventional systems such as
the slime mould Physarum [1, 3] or swarms of crabs [42]. A number of articles describe logic gates in
chemical media, namely, those based on chemical wave propagation in excitable media (e.g., the
Belousov-Zhabotinsky reaction) [88]. In past decades the research on logic gates has also focused
on using droplets or bubbles.

Microfluidic computing elements, such as logic gates for logic operations, adders for arithmetic
operations, and memory to store information, have been created [69]. Microfluidic chips with logic
have been designed, where the presence or state of one droplet was influenced by the state of other
droplets, or by the state of the chip. For example, pneumatic membrane valves have been used to
open and close different channels and force droplets to execute a certain protocol depending on
which valves were activated [29]. This allowed the creation of NOT, NAND, and NOR gates, flip-flops,
oscillators, self-driven peristaltic pumps, and a 12-bit shift register. Cheow et al. [55] have demon-
strated droplet-based microfluidic AND/OR and NOT logic gates. Logic operations were based on the
nonlinear change in hydrodynamic resistance for channels containing droplets. Digital microfluidic
logic gates were also shown, for example, by Toepke [96] and Zhao and Chakrabarty [105]. A uni-
versal microfluidic logic gate that is capable of conducting all 16 logic operations in one chip was
presented by Zhang et al. [101].

The team of Prakash [80] has shown bubble logic processors implemented with nitrogen bubbles
in water (with added surfactant 2%(w/w) Tween 20 to stabilize the interfaces) flowing through
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PDMS microfluidic chips. Computational models related to bubble logic circuits were presented also
by Anandan et al. [4]. Recently Prakashʼs group demonstrated synchronous water-based ferrofluid
droplet generation and propagation in an oil-based carrier fluid between two parallel Teflon-coated
glass surfaces [58]. A rotating magnetic field enables parallel manipulation of arbitrary numbers of
ferrofluid droplets on permalloy tracks. The limits of synchronization were defined in dependence
on frequency and droplet diameter.

Mertaniemi et al. [71] have demonstrated water droplets in air on superhydrophobic substrates,
either coalescing or rebounding, depending on the Weber number and impact parameter. Under
conditions when droplets rebound (not coalesce), experiments were performed on droplet logic
gates (NOT/FANOUT and AND/OR). A toggle flip-flop memory based on controlled droplet collisions
was successfully demonstrated, as well as a basis for programmable encapsulated chemistry.

Therefore certain logical operations, also associated with traditional programmed robots, can be
implemented with droplet-based liquid robots. So far a substantial amount of external structure—for
example, in the construction and architecture of microfluidic channels—is necessary for computing
with input and output droplets, with the operations performed by droplets playing a key role in
much larger systems. It has not yet been shown that individual droplets regardless of context can
execute logical operations of note. Thus we consider the collective behavior and potential interac-
tions of multiple droplets in the next section.

6 Multi-droplet Interactions

Since single droplets are able to demonstrate dynamic properties from self-motion to self-division to
maze solving, it is intriguing to ask what types of behaviors can be demonstrated by multiple drop-
lets, including swarms. Some works focus on the behavior of two or more droplets that either touch
each other (and form a matrix of “artificial tissue”) or are distributed in the environment indepen-
dently and are able to mimic intracellular communication by means of chemical signals. In the same
way as in the populations of living objects or robots, the collective behavior and swarming of liquid
robots can be investigated. As Aristotle pointed out, “the whole is more than the sum of its parts”1—
in terms of droplet behavior a swarm of liquid robots may display more useful properties than indi-
vidual droplets; a swarm could perhaps perform targeted tasks better, faster, more robustly, or more
efficiently.

For a start, we can ask whether two or more droplets influence each other in a measurable way.
In [51], we studied in detail the motion of single and multiple self-propelled droplets over the course
of minutes. In our experiments we studied the behavior of two droplets placed in one petri dish, and
as a control experiment we observed two droplets separately in two petri dishes. We found that in
the early part of the experiment (the first 20 minutes) two droplets tended to move close to one
another, resulting in a circling effect. Compared to controls, we found that the two droplets influ-
ence each other and this influence depended on droplet size (volume).

Multiple droplet behavior may be influenced by attraction or repulsion, but a droplet may change
its state through coalescence. Cira et al. [21] have shown that droplets consisting of propylene glycol
and water mixtures fuse only if they have the same composition; otherwise they repel each other. In
their device, droplets moved down a ramp by gravity. Along the way, a droplet merged only with a
container of matched composition (and thus surface tension); otherwise the droplet moved along
until it met a container with the appropriate mixture. In such a way the droplets sort themselves
through surface tension (Figure 7).

These are examples where the behavior of the systems changes due to the presence of more than
one droplet. Perhaps the droplets show some kind of “intelligence,” or at least selectivity based on
composition. Such purely intrinsic behavior of multiple droplets has great potential for applications

1 “In the case of all things which have several parts and in which the totality is not, as it were, a mere heap, but the whole is something
beside the parts,....” (Aristotle, Metaphysics, Book 8, part 6).
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of liquid robots where identical droplets may be tasked to work together or specialized droplets may
form a working consortium. In this way the system may become more robust and also suitable for
diverse targeted outcomes.

7 Liquid Marbles

A special category of droplets, distinct from the liquid-liquid systems depicted in Figure 2, are so-
called liquid marbles as defined by Aussillous and Quéré in 2001 [6]. A liquid marble is a liquid
droplet encapsulated in a hydrophobic powder that adheres to its surface (Figure 8). Preparation
of liquid marbles is a very simple operation—a small amount of liquid is rolled on a layer of
hydrophobic powder consisting of nano- or microparticles, which spread spontaneously at the
liquid-air interface. This process results in a liquid marble that has some of the properties of a
liquid droplet and at the same time behaves as a soft solid. Liquid marbles are an alternative to
superhydrophobic surfaces, because particles at the interface prevent the liquid in the marble from

Figure 7. Interaction of two-component droplets consisting of water and propylene glycol mixture. (a) Repulsion of
droplets with different compositions. (b) Coalescence of droplets with the same composition. (c) Surface tension
sorter. (Reprinted from [21] by permission of Nature Publishing Group.)
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wetting the carrier surface. The substrate on which the liquid marble moves can be a solid or even a
liquid surface. Liquid marbles can serve, for example, to transport of small volumes of liquids or
powders [25, 83].

Like with simple droplets, liquid marbles can be moved using external forces. Ooi [75] summa-
rized methods for manipulation of liquid marbles, mainly by electrostatic and magnetic forces, with
other options mentioned (e.g., mechanical, gravitational, irradiation, changes in temperature or pH).
Magnetic force could be used for both the manipulation [103] and also for controlled fusion of two
liquid marbles [104]. Bormashenko et al. have shown self-propulsion of liquid marbles filled with
aqueous alcohol solutions and placed on a water surface [17]. Recently Paven et al. introduced a
system whereby laser-driven liquid marbles can push 150 times their own weight [77]. This type
of droplet thus also shows potential to be used as a liquid robot and is attracting further interest.

8 Conclusions and Outlook

It is widely accepted that robots are artificial objects that can in some contexts make human life
easier. However, the idea of electromechanical robots dominates. In the present review we have
described how simple droplets can be an embodiment of liquid robots. These droplet-based robots
have the ability to sense gradients and even each other, resulting in directional chemotactic motion
and also group dynamics. The composition of individual robots also influences their behavior. Even
with such rudimentary abilities, the droplets are able to sense chemical gradients in complex envi-
ronments and thereby to solve mazes. In addition, droplet-based liquid robots are soft and can de-
form [9], sometimes to such an extent that the droplets divide into daughter droplets. Moreover,
they can change their own shape [26]. Along with fusion, this forms the basis of self-replication and
perhaps even evolution. Although multiple droplets in an experiment can perform logical operations,
it remains to be seen how individual droplets can also perform logic based on their chemistry.

Figure 8. Liquid marbles. (a)–(c) Scheme of liquid-marble preparation process. (d) Scheme of liquid marble on a solid
substrate. (e) Scheme of liquid marble floating on the water surface. (f) Photograph of liquid marble (100 Al of water
covered by Lycopodium). Scale bar corresponds to 5 mm. (g) Photograph of liquid marble from (f) floating on water
surface (reprinted with permission from [25]).
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Like Braitenbergʼs vehicles, droplet-based liquid robots can be semi-autonomous and self-
propelled. And like billiard balls, droplet-based robots can be deterministically controlled by external
forces. It is this potential for both external and embedded control that makes liquid robots intriguing
and useful as a branch of robotics.

Due to the ability of droplets to change state (e.g., by fission or fusion), the link between chemical
composition and function, and the link between environmental information and self-movement, it is
possible to design liquid robots that not only perform targeted delivery but also process complex
input information—for example, to distinguish the inside from the outside of a tumor and provide
controlled doses of therapeutic substances in a manner not available with current theranostics. Be-
yond medicine, liquid robots as smart materials may allow for the prolonged proper function of
machines, organisms, and infrastructure [46, 57].

With regard to potential engineering applications, the area of environmental sensing and reme-
diation is one where droplet-based devices could prove to be valuable and technically feasible. For
example, it has been recently demonstrated that droplets can encapsulate chemical species and per-
form oriented motion in microchip channels, where they can induce phenomena such as the floc-
culation of a dispersed model pollutant [102]. At the same time, it has to be kept in mind that droplet
movement in an actual real-world environment without well-defined channels, in a fluid of uncon-
trolled composition, and in the presence of macroscopic convective transport is a rather different
task.

Although droplets as liquid robots are promising tools for performing various tasks, there is still a
long way to go before we can use them in real life. All droplet studies presented in this article were
performed in well-defined laboratory conditions, and nobody has yet focused on robustness of
droplet systems. For practical application of liquid droplets in biological or environmental use,
one must consider the influence of ambient noise on the dynamics of droplets. To transfer liquid
robots in the form of droplets from laboratories to real-world conditions is a challenging task in the
area of liquid robotics.

A possible way of increasing the robustness of robotic devices in a real-world environment is to
proceed from individual robots to robotic swarms [39]. In nature, this is a successful survival strat-
egy used by collective organisms such as swarms of insects, schools of fish, and flocks of birds.
Collective phenomena are observable also in cells, as in the multicellular development of Dictyostelium
cells [50, 93]. The main benefit is that even if a number of individuals are lost, the majority can still
complete the mission, thanks to a combination of the statistics of large numbers and mutual com-
munication that leads to the so-called swarm intelligence. Thus, the collective motion of interacting
droplet swarms is an area of research that can improve the practical application potential of droplet-
based liquid robots.
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ABSTRACT: The chemotactic movement of decanol droplets in
aqueous solutions of sodium decanoate in response to concentration
gradients of NaCl has been investigated. Key parameters of the
chemotactic response, namely the induction time and the migration
velocity, have been evaluated as a function of the sodium decanoate
concentration and the NaCl concentration gradient. The ability of
the decanol droplets to migrate in concentration gradients has been
demonstrated not only in a linear chemotactic assay but also in a
topologically complex environment. Additionally, the ability to
reverse the direction of movement repeatedly, to carry and release a
chemically reactive cargo, to select a stronger concentration gradient
from two options, and to initiate chemotaxis by an external
temperature stimulus have been demonstrated.

1. INTRODUCTION

The locomotion of live cells is a highly complex process
involving various biochemical and biophysical elements.1

Motion is usually associated with motor proteins that convert
chemical energy to mechanical work. The movement of freely
living cells can be caused by special organelles for locomotion
such as cilia and flagella or by migration over solid substrates by
crawling or gliding, i.e., by coordinated changes in shape and
adhesivity to a substrate in response to environmental stimuli,
using pseudopodia. The latter mechanism is manifested by
single-cell organisms such as amoebae, diatoms, and some types
of cyanobacteria and human leukocytes.
The swimming and crawling movements of cells can be

random or oriented. Cells usually move because this takes them
closer to a source of nutrients or further away from a source of
harmful compounds. Such extracellular chemical cues (nu-
trients, pheromones, repellents, toxins) guide the movement of
a cell in a particular directiona process called chemotaxis.2

Chemotaxis can be positive (movement toward a chemo-
attractant) or negative (movement away from a repellent).
Chemotaxis differs from chemokinesis, in which case the signal
substance merely alters the rate or frequency of random
motion.3

The movement of nonliving objects in concentration
gradients (artificial chemotaxis) can be based on several
different mechanisms. The movement of asymmetric bimetallic
catalytic rods or spheres in the concentration gradient of H2O2

has been reported.4 In this case, a catalytic chemical reaction
produces gas bubbles that propel the particles. Similarly, Mano
and Heller5 described a system based on a carbon fiber having a

terminal glucose oxidizing microanode and an O2 reducing
microcathode, which was propelled at the H2O−O2 interface. It
was shown that the diffusiophoretic phenomenon shares
similarities with chemotaxis.6 When a rigid colloidal particle is
placed in a solution with nonuniform concentration of a solute
that interacts with the particle, the particle can move along the
concentration gradient of the solute. It has also been shown
that dynamic cytoskeletal components, biomolecular motors
(kinesin, myosin), and their associated filaments (microtubule,
actin) can be combined in vitro with synthetic components to
create nanoscale transport systems.7 Synthetic phospholipid
vesicles coated by proteins that initiate actin polymerization
displayed the ability to propel lipid vesicles in a similar way as
in Listeria cells.8 Hybrid objects containing an artificial
component and living organism have also been suggested.9

An alternative mechanism of artificial chemotaxis is based on
“self-running” objects at interfaces. Alcohol droplets10 or pieces
of camphor11 on a water surface can move due to a surface
tension gradient caused by the gradual dissolution of the object
itself. An oil droplet can also move on a solid substrate when
the surface underneath the droplet is asymmetrically modified
and causes a difference in the interfacial energy between the
leading and the trailing edge of the droplet.12 Grzybowski and
co-workers showed a droplet of mineral oil and 2-hexyldecanoic
acid in a labyrinth with a pH gradient, where the droplets were
able to find the shortest path through the maze.13
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The self-propelled motion of a droplet can be coupled with a
chemical reaction that occurs at the interface between the
droplet and the surrounding medium. The chemical reaction
can result in a symmetry breakage due to the accumulation and
release of the reaction products, and the droplets can move
through the aqueous medium without the need of an air−water
or a solid−liquid interface. A system of oil droplet movement
based on fatty acid chemistry has been proposed by Hanczyc et
al.14 An oil phase containing oleic anhydride precursor was
introduced into an aqueous environment that contained oleate
micelles. The products of the precursor hydrolysis were
coupled to the movement of the oil droplet and the production
of waste vesicles. The oil droplet successfully moved away from
this waste product into fresh unmodified solution, displaying a
form of chemotaxis. This example mimics the behavior of cells
that move away from their metabolic products into regions with
fresh nutrients. Similar experiments with different chemicals
were performed in ref 15.
In the present work, a new artificial chemotaxis system is

introduced, based on decanol droplets moving in aqueous
solution of sodium decanoate along concentration gradients of
sodium chloride. The parametric dependence of the chemo-
tactic response with respect to background concentration of
sodium decanoate and the strength of the NaCl concentration
gradient has been investigated. Several scenarios that utilize
chemotaxisnamely, migration over a nonlinear path, delivery
of a chemically reactive cargo, selection of the direction of
motion according to the strength of the chemoattractant
source, and temperature-triggered release of the chemo-
attractanthave been demonstrated.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. β-Carotene, decanoic acid, decanol,
iodine, nitrobenzene, oil red O, paraffin, sodium chloride, and sodium
hydroxide were obtained from Sigma-Aldrich. Decanoic acid solutions
in the aqueous phase were prepared at the desired concentration
(typically 10 mM) in water using 5 M NaOH to raise the pH of the
resulting solution, typically to 10−13. Menzel-Glas̈er microscope slides
76 × 26 mm and 75 × 50 mm (Thermo Scientific) and an adhesive
double sided tape (3M 468MP 200MP) were used for the preparation
of chemotactic assays.
2.2. Chemotactic Assays. The edges of a microscopic slide were

covered with thin strips of adhesive tape to form a shallow pool with a
rectangular shape. The pool was filled by 1 mL of decanoate (5 or 10
mM) or water, and then a 5 μL decanol droplet containing oil red O as
a colorant was placed at one side of the slide. After approximately 1
min, droplets of NaCl were added to the opposite side. The droplet
volume was chosen so as not to alter the liquid level in the pool to an
extent that would cause bulk fluid flow or movement of the decanol
droplet. (This was verified by adding water droplets without NaCl
under otherwise identical experimental conditions and noting that this
did not induce any movement of the decanol droplet.) The distance
between the decanol and the NaCl droplets was systematically varied
to create different concentration gradients. The molar quantity of
added NaCl was also systematically varied in the range 5−100 μmol by
changing the salt concentration. The movement of the decanol droplet
toward higher NaCl concentration was monitored using a PixeLINK
camera (PL-A662) and later processed by NIS-Elements software
(Laboratory Imaging Ltd., Czech Republic). From the droplet
trajectory (X and Y coordinates as a function of time), the induction
time and the migration velocity were evaluated.
For temperature-triggered chemotaxis experiments, the NaCl

concentration gradient was not formed by adding saline droplets but
by liberating small NaCl crystals from a paraffin matrix by the local
application of a heat source that melted the paraffin. Fine NaCl grains
were first dispersed in molten paraffin, from which small spheres were

manually formed upon cooling. The salt-loaded paraffin spheres were
then repeatedly washed by deionized water to remove any salt grains
that may be at the surface. A single NaCl-loaded paraffin sphere was
then carefully placed to one side of the chemotactic assay where it
acted as a temperature-responsive salt reservoir.

2.3. Surface Tension Measurements. Surface tension measure-
ments of decanoate solutions with varying concentrations of NaCl and
decanol were performed using the Wilhelmy plate method
(tensiometer Sigma 703 D, Attension). The purpose of the surface
tension measurements was to verify a hypothesis about Marangoni
flow as a possible cause of the observed chemotaxis (translation of
concentration gradients to gradients of surface tension).

3. RESULTS AND DISCUSSION

3.1. Chemotaxis of Decanol Droplets in Rectangular
Cells. Figure 1 shows the trajectory of a 5 μL decanol droplet

in 1 mL of a 10 mM decanoate solution contained in a
rectangular pool with the size 76 × 26 mm (cf. section 2.2).
The droplet started on the left-hand side of the rectangular
pool, and its movement was initially random. After 1 min, a 10
μL droplet of a 5 M NaCl solution (i.e., 50 μmol of NaCl) was
added to the right-hand side of the microscopic slide. The
decanol droplet continued its random movement on the left
side of the slide (blue trajectory in Figure 1A), but after a
certain induction time it started to follow the salt concentration
gradient and performed an almost straight oriented movement
to the opposite end of the pool (red trajectory in Figure 1A).
Once the decanol droplet reached the area where the salt
droplet was added, it has returned to a random, local
movement (green trajectory in Figure 1A). A video recording
of the entire experiment can be found in Supporting
Information Movie 1.
The graph in Figure 1B shows the X and Y coordinates of the

decanol droplet as a function of time, evaluated from the
droplet trajectory (Figure 1A). Without a salt concentration
gradient, the droplet moves locally and randomly, with no
apparent directionality. It is interesting to note from Figure 1B
that the droplet does not respond by chemotaxis immediately

Figure 1. (A) Trajectory of a 5 μL decanol droplet in a rectangular
pool (76 × 26 mm) containing 1 mL of 10 mM sodium decanoate.
The orange cross indicates the place of salt addition, which occurred at
t = 60 s. Scale bar represents 1 cm. (B) The X and Y positions of the
droplet as a function of time, evaluated from the trajectory. The orange
line indicates the moment of salt addition at t = 60 s.
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after the salt addition (indicated by a vertical line at t = 60 s).
Presumably this lag period corresponds to the time that is
necessary for a concentration or interfacial tension gradient
caused by NaCl addition to reach the decanol droplet. Once the
signal reaches the decanol droplet, the droplet migrates toward
the source of the gradient (the point of salt droplet deposition)
at an increased speed as indicated by the slope of the X vs time
trajectory in Figure 1B.
It can be expected that the induction time, i.e., the delay

between NaCl addition and the start of chemotaxis of the
decanol droplet, should be related to the time of the “chemical
signal” propagation from the NaCl droplet to the decanol
droplet. The underlying transport mechanism includes not only
the diffusion of NaCl (see Supporting Information) but also
convection. In the case of convection the flow can be due to a
density difference or due to an interfacial tension gradient. The
dependence of the induction time on the molar quantity of
added NaCl and on the initial distance between the decanol
droplet and the point of salt addition is summarized in Figure
2A (the volume of the added NaCl droplet was kept constant as
well as all other parameters of the experiment). Despite the
relatively widespread observed induction times, two trends are
evident: the induction time increases with increasing distance,
and the induction time decreases with increasing salt
concentration.
It should be noted that there exists a finite window of NaCl

concentrations at which chemotaxis has occurred. Both lower
(5 μmol) and higher (100 μmol) salt additions were also tested,
but neither has led to chemotaxis. The 5 μmol addition was
insufficient to induce a chemotactic response whereas in the
case of 100 μmol the decanol droplet responded by a brief jerky
movement toward the salt addition point, but only over a short
distance. The decanol droplet did not move across the entire
slide as in the case of salt additions in the range 10−50 μmol.
This behavior bears interesting similarity with one of the best-
studied examples of biological chemotaxis, i.e., the migration of
Dictyostelium amoebae in concentration gradients of cyclic
adenosine-3′,5′-monophosphate (cAMP).16,17 In the absence of
cAMP, the cells are not at rest but perform a random motion
with an average motility of 4.2 μm/min.18 At intermediate
cAMP gradients, the cells move up the gradient with an average
motility of 9 μm/min. In very steep gradients (above 10 nM/
μm) the cells again lose directionality and revert to random
motion.

The velocity of droplet movement was also evaluated as the
slope of the X position vs time (as in Figure 1B) for all
distance−concentration combinations, and the results are
summarized in Figure 2B. In this case, the chemotactic velocity
of the decanol droplet is a decreasing function of the initial
distance, but there does not seem to be any systematic
dependence on the molar quantity of added NaCl.
The migration speed during chemotaxis is usually considered

to be proportional to the concentration gradient of the
chemoattractant. However, the results observed here do not
fully agree with this assumption. If the gradient is defined as the
concentration difference divided by distance, then a 5-fold
increase in the quantity of added NaCl (e.g., from 10 to 50
μmol) should have the same effect as a 5-fold decrease in
distance (e.g., from 50 to 10 mm). It is evident from Figure 2B
that while a change in the droplet distance clearly leads to a
proportional change in the chemotactic migration velocity, a
corresponding change in the salt concentration does not. This
may be due to the salting out of the decanoate surfactant in
areas of very high NaCl concentrations. This is sometimes
confirmed visually by the appearance of a white turbid
substance at the position of highest salt concentration.

3.2. Reversal of Chemotaxis Direction. The ability of the
decanol droplet to respond by chemotaxis to repeatedly created
salt concentration gradients was investigated (Figure 3,
Supporting Information Movie 2). The experimental setup
was similar as that discussed in section 3.1, i.e., a 5 μL decanol

Figure 2. (A) Dependence of the chemotaxis induction time on the initial distance between the decanol and salt droplets for various molar quantities
of added NaCl. (B) Dependence of the decanol droplet velocity during chemotaxis on the same parameters as in case (A).

Figure 3. X and Y positions of a 5 μL decanol droplet in a rectangular
pool containing 5 mM sodium decanoate solution, subjected to
repeated salt additions (each containing 50 μmol of NaCl) at times t =
1, 5, 10, and 15 min.
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droplet in a rectangular pool of a sodium decanoate solution.
However, instead of a single salt droplet addition, a droplet
containing 50 μmol of sodium chloride was added four times at
5 min intervals (specifically, at time t = 1, 5, 10, and 15 min)
alternatively to opposite ends of the pool. The interval of 5 min
was sufficiently long to include the induction time, chemotactic
migration of the decanol droplet toward the salt addition point,
and stabilization of the droplet at the final location. The X and
Y coordinates of the decanol droplet resulting from the
repeated salt additions are shown in Figure 3. Note that
although the total molar quantity of the added salt has gradually
accumulated to 200 μmol, chemotaxis still took place after the
fourth salt addition. Therefore, increased background salt
concentration does not appear to be a hindrance to chemotaxis,
as long as a concentration gradient is re-established.
3.3. Ink Tracer Experiments. The experiments described

above imply that the existence of a salt concentration gradient
triggers the chemotactic movement of the decanol droplet, but
the underlying interactions can be complex. A key question is
whether the observed decanol droplet movement is caused by
Marangoni flow due to a surface tension gradient or if there are
also other types of flow involved, e.g., due to density difference
or contact angle gradient.
The progress of two experiments where an ink tracer was

used to visualize the flow pattern in the surrounding aqueous
fluid is shown in Figure 4 and in Supporting Information Movie
3. A rectangular pool with 1 mL of a 10 mM decanoate solution

was used, and the order in which the decanol and the NaCl
solution droplets were added was changed. The initial ink
patterns were created by dropping a small amount of ink
solution onto the surface of the decanoate pool and then gently
mixing the surface layer by a pipet tip (see Supporting
Information Movie 3). Neither convective flows nor surface
tension changes were observed. Once the decanol droplet was
added (time t = 40 s in Figure 4A), the original ink patterns
immediately disappeared due to a reduction of surface tension
near the decanol droplet and Marangoni flow toward regions of
high surface tension, i.e., away from the decanol droplet.
Decanol acts as a surfactant, and its effects on the surface
tension of 10 mM decanoate solution, measured separately (cf.
section 2.3), are summarized in Figure 5A. The addition of a
salt droplet colored by blue food dye (time t = 60 s in Figure
4A) did not cause any visible changes in the ink pattern. The
salt solution did not attract or repel the ink particles (no
diffusiophoresis was observed). However, the salt droplet did
not spread uniformly and had a tendency to spread somewhat
faster toward the decanol droplet (tear-like blue spot at t = 80 s
in Figure 4A). The decanol droplet eventually moved
chemotactically to the area of the salt addition (time t = 120
s in Figure 4A).
When the order of the droplet addition was reversed, i.e.,

adding the salt droplet first and the decanol droplet next (in
Figure 4B), no change in the initial ink pattern was observed
after salt addition despite the fact that NaCl also slightly
reduces the surface tension of decanoate solution (Figure 5B).
The salt spot spread uniformly in all directions and did not
affect the ink pattern (t = 40 s in Figure 4B). The decanol
droplet addition rapidly deleted the ink patterns and repelled
the ink to the opposite end of the glass slide (t = 60 s in Figure
4B). The salt started to flow toward decanol (t = 80 s in Figure
4B), and the decanol droplet was transported chemotactically
to the zone of the salt droplet addition (t = 120 s in Figure 4B).
Several additional experiments with an ink tracer in a single

chamber with and without obstacles were done, and the results
are shown in Supporting Information Movie 3. The black ink
served as tracer to visualize the convective flow in the aqueous
phase. Both direct salt solution addition and salt diffusion from
nitrobenzene droplets were tested. The blue spot of salt had a
tendency to spread toward the decanol droplet due to
directional flow of the aqueous phase. In all cases the shortest
path between the decanol droplet and the salt source was
highlighted, and the decanol droplet followed this path and
moved chemotactically toward the salt. In experiments with
nitrobenzene droplets loaded with salt grains, fusion with the
decanol droplet occurred.

3.4. Nonlinear Path Experiments. In the experiments
described above, it was shown that decanol droplets follow a
salt concentration gradient created by direct addition of a salt
solution. In order to sustain a concentration gradient for longer
periods of time without disturbing the system by repeated
external liquid additions, an alternative method of creating the
salt concentration gradient has been useda nitrobenzene
droplet loaded with NaCl grains was deposited in the decanoate
pool instead of an aqueous droplet with predissolved NaCl
(Supporting Information Movie 4). The nitrobenzene droplet
(which is immiscible with water) was stationary and allowed a
gradual leaching of NaCl to the surrounding solution. This
created a salt concentration gradient, which in turn resulted in a
chemotactic movement of the decanol droplet toward the
nitrobenzene droplet, eventually fusing with it. Independent

Figure 4. Flow field visualization using ink tracer: (A) decanol droplet
addition followed by salt addition; (B) salt droplet addition followed
by decanol addition. The decanol droplet was deposited at the bottom
end of the rectangular pool and was labeled by a pink color; the salt
droplet (deposited at the top end) is blue. Scale bar represents 1 cm.
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verification experiments have shown that without NaCl there is
no interaction between the nitrobenzene and decanol droplets,
i.e., no chemotaxis and no fusion.
The salt concentration gradients created by the nitrobenzene

droplet with salt grains were used in scenarios where the
chemotaxis of the decanol droplet took place over a nonlinear
path in slightly more complex topologies than a straight
channel. Two examples of such topologies are shown in Figure
6. In each case, the decanol droplet followed the shortest path
toward the source of the salt and eventually fused with the salt-
loaded nitrobenzene droplet.

Although the topology shown in Figure 6B could
theoretically allow the decanol droplet to follow an incorrect
path into a dead-end channel, there was only one source of the
salt gradient. An alternative scenario was therefore realized,
where the decanol droplet had two alternatives, i.e., two sources
of salt located at an identical distance but in opposite ends of
the pool (see Figure 7). The two sources contained a different

quantity of NaCl, namely 50 and 10 μmol. The decanol droplet,
initially located in the middle of the pool, started to migrate
toward the end with a higher concentration of salt. Thus, two
important features of chemotaxis, also revealed by living
systems, were demonstrated: the ability to follow the
chemoattractant in a complex topology and the ability to
follow a stronger source of chemoattractant when presented
with alternative chemotaxis directions.

3.5. Stimulus-Responsive Release of Chemoattrac-
tant. The diffusion of NaCl from the nitrobenzene droplet,
discussed in the previous section, was spontaneous. However,
in nature, the release of a chemoattractant is often triggered by
a change in some environmental variable, for example
temperature, which can signal conditions favorable for the
next phase of a reproduction cycle. A similar scenario of
temperature-triggered release of the chemoattractant has been
realized in laboratory conditions as follows. Instead of a
nitrobenzene droplet, fine NaCl crystals were encapsulated into
a paraffin particle with a melting point of 42 °C as described in
section 2.2.
When a single salt-containing wax sphere was deposited into

a pool of sodium decanoate at low temperature, the salt could
not diffuse from the paraffin particle in the solid state and the
system was stationary. However, once the paraffin particle was
locally heated to a temperature above its melting point, the
previously encapsulated salt was liberated, started to dissolve in
the surrounding solution, and triggered the chemotaxis of the
decanol droplet, which migrated toward to source of salt

Figure 5. Dependence of the surface tension of 10 mM decanoate solution on (A) decanol and (B) NaCl concentration. (C) Dependence of the
surface tension of water on the sodium decanoate concentration.

Figure 6. Examples of droplet chemotaxis in a complex topology: (A)
nonlinear path in a channel; (B) nonlinear path in a simple “labyrinth”
with dead end channels. The decanol droplet has a purple color, and
the salt diffuses from a stationary nitrobenzene droplet (yellowish
color). Scale bar represents 1 cm.

Figure 7. Decanol droplet (middle of the pool at t = 0 s) attracted by a
stronger salt concentration gradient. Scale bar represents 1 cm.
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(Figure 8, Supporting Information Movie 5). As in the case of
nitrobenzene, a control experiment without NaCl (only paraffin
and heating) did not lead to chemotaxis or thermophoresis.

3.6. Chemotaxis Delivery of a Reactive Payload. It has
been shown in the previous sections that a decanol droplet is
able to locate a nitrobenzene droplet and fuse with it even in
topologically complex environments and that it is able to follow
the strongest source of chemoattractant from several
alternatives. These are the prerequisites for the laboratory
demonstration of a model “search-and-neutralize” mission,
whereby the chemotactic droplet carries a payload that will
react with the chemoattractant source once the mobile droplet
localizes it. Again, an analogy with natural systems can be seen
in this scenario, e.g., the chemotaxis of a leukocyte that actively
locates and eventually neutralizes a pathogen.
Decanol was saturated with solid iodine to produce a dark

orange oil. Independently, β-carotene was added to pure
nitrobenzene and mixed to obtain a red oil at 2 mg/mL.
Droplets of 10 μL of each solution were added to opposite ends
of a channel with a simple obstacle in the middle, filled with 10

mM decanoate (pH 11). The progress of the experiment is
shown in Figure 9. After chemotaxis and fusion of the decanol
and nitrobenzene droplets, a color change to green indicated
that an iodination reaction of β-carotene has taken place.19

3.7. Chemotaxis Mechanism and Force Balance. The
decanol droplet in a homogeneous solution of decanoate
exhibits weak random motion, as shown in Figure 1. This is
likely due to the loss of mass of the droplet over time because
the droplet itself is slowly being dissolved into to surrounding
soapy solution. However, when a salt gradient is introduced to
the system, a corresponding surface tension gradient is
established (Figure 5). There are several works where it was
shown experimentally and theoretically how surface tension
gradients give rise to convective flows that result in particle or
droplet motion.20,21 There are two possible theoretical
approachesa fluid mechanics approach based on the solution
of the Navier−Skokes equations or a simplified force balance
approach whereby the moving object is regarded as a rigid body
subjected to the Newton’s law of motion. The latter approach,
adopted from ref 21, is adopted here.
Let us assume that the decanol droplet has a constant mass.

The net force acting on the decanol droplet due to a gradient of
surface tension and due to fluid−fluid and wall−fluid friction is

= − −m
v

t
F F F

d

d

drop
A D W (1)

where m is the droplet mass, vdrop is the macroscopic droplet
velocity, FA is the surface tension force, FD is the fluid−fluid
drag force, and FW is the fluid−wall drag force. If the surface
tension force is greater than the frictional and drag forces,
locomotion of the droplet can occur.22,23 Let us now estimate
the magnitude of the forces for our system.
In the case of a shallow pool, the total concentration of NaCl

in the solution of sodium decanoate is known (50 mM). Since
the dependence of surface tension on NaCl concentration was
independently measured (Figure 5), the salt concentration
gradient can be translated into a gradient of surface tension.
Assuming a linear concentration gradient and a pool length of
70 mm, the corresponding macroscopic surface tension
gradient is ∂γ/∂x = 173.5 mN/m2. The diameter of the droplet
projection in this setup, obtained through image analysis, is 3.6
mm. By using these values, an order-of-magnitude estimate of

Figure 8. (A) Progress of an experiment with a paraffin particle
containing salt grains as a thermoresponsive source of chemo-
attractant. The chemotactic decanol droplet is marked by a pink color;
the paraffin particle is gray. Scale bar represents 1 cm. (B) Trajectory
of the decanol droplet, evaluated from the experiment. Local heating of
the paraffin particle was applied at t = 300 s for 20 s and resulted in
NaCl liberation from the particle.

Figure 9. Example of a chemotactic droplet carrying a reactive payload
toward the chemoattractant source (iodination assay). The chemo-
tactic decanol droplet moves from the bottom to the top section of the
figure and eventually fuses with the stationary nitrobenzene droplet.
The chemical reaction is indicated by a color change. Scale bar
represents 1 cm.
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the force acting on the droplet due to the surface tension
gradient can be made. Using the divergence theorem, the
integration along the circumference of the droplet can be
replaced by

∮ ∫ ∫γ γ
γ

γ

= · = ∇· =
∂
∂

=
∂
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(2)

where A = 10.18 × 10−6 m2 is the projected droplet area and i =
[1,0,0] is a unit vector in the direction of the macroscopic
surface tension gradient. The resulting force is FA = 1.77 × 10−6

N. The force due to a surface tension gradient would be
opposed by viscous dissipation in the fluid.
As an order-of-magnitude estimate of these effects, let us

consider the droplet to be a rigid sphere and evaluate the
Stokes drag force according to

πη=F rv6D drop (3)

where η = 10−3 Pa·s is viscosity (assuming equal to that of
water for the purpose of the estimate), vdrop = 1.5 × 10−3 m/s is
a characteristic value of the droplet velocity (cf. Figure 2B), and
r = 1.06 × 10−3 m is the characteristic droplet radius computed
directly from its volume. The resulting drag force is FD = 0.03 ×
10−6 N, which is significantly lower than the force due to
surface tension gradient, although it is in fact an overestimate
because the decanol droplet is not fully surrounded by the
aqueous phase. Similarly, an estimate of the upper value of the
wall friction force can be made by assuming the decanol droplet
to be a hemisphere in contact with the glass substrate. In that
case, the wall friction would be

∫ η η=
∂

∂
≈F

v

y
A A

v

h
d

A

x
W

drop

drop (4)

where A = 10.18 × 10−6 m2 is the projected droplet area, η =
12.0 × 10−3 Pa·s is the viscosity of decanol, vdrop = 1.5 × 10−3

m/s is a characteristic value of the droplet velocity, and hdrop is
the characteristic droplet height, calculated from the droplet
area and volume (V = 5 μL) based on the spherical cap
approximation. The resulting force is FW = 0.21 × 10−6 N,
which is larger than the fluid drag force (mainly due to the
higher viscosity of decanol compared to water) but still well
below the surface tension force. Although simple, this order-of-
magnitude calculation supports the hypothesis that in principle
the gradient of surface tension has sufficient power to cause the
droplet movement. At the same time, it should be kept in mind
that other mechanisms such as interaction with the glass
substrate can also be involved in the propulsion of the droplet.

4. CONCLUSIONS

A new, relatively simple two-phase system exhibiting artificial
chemotaxis has been described. It is based on a decanol droplet
in an aqueous solution of sodium decanoate, with sodium
chloride as a chemoattractant. The range of concentrations in
which the system exhibits chemotaxis has been determined, and
the parametric dependence of two important characteristics
the induction time and the migration velocityon the salt
concentration gradient has been systematically investigated. It
has been demonstrated that this artificial chemotaxis system
bears many qualitative similarities with natural chemotaxis
systems, namely (i) the ability to perform chemotaxis

repeatedly when the chemoattractant gradients are recreated,
(ii) to perform chemotaxis in topologically complex environ-
ments, (iii) to select the chemotaxis direction based on the
relative strength of alternative chemoattractant sources, (iv) to
rest in a dormant state and later respond to a stimuli-responsive
chemoattractant release, and finally (v) to deliver a reactive
payload toward the chemoattractant source. To the best of our
knowledge, this is the first time that an artificial chemotaxis
system exhibiting all of the above-mentioned five features has
been described. By measuring the concentration dependence of
surface tension, order-of-magnitude estimates of the forces
acting on the droplet could be made, supporting a hypothesis
that a surface tension gradient can be responsible for
chemotaxis in this case.
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1. Úvod 

 
Existuje Ĝada chemických a biologických systémĤ, ve 

kterých jsou studovány nelineární dynamické jevy, jako 
jsou oscilace, excitabilita, chaos, tvorba disipativních 
struktur nebo šíĜení vln. Na Ústavu chemického inženýr-
ství se bČhem své vČdecké kariéry této problematice vČno-
vala Ing. Hana Ševčíková, CSc., které je tento článek vČ-
nován. SoustĜedila se pĜedevším na výzkum excitability a 
šíĜení koncentračních vln ve dvou chemických a jednom 

biologickém systému. Prvním z nich byla reakce BČlouso-
va a Žabotinského, pĜi níž dochází k oscilacím a vzniku 
koncentračních vln typu pulsu, které se mohou periodicky 
šíĜit systémem1–8. Druhý studovaný systém poskytla oxida-
ce kyseliny arsenité jodičnanovými ionty, která tvoĜí re-
akční prostĜedí umožĖující šíĜení koncentračních vln typu 
fronta9–14. Cílem zkoumání biologického systému pĜedsta-
vovaného populací bunČk hlenky Dictyostelium discoide-
um, u nČhož dochází k šíĜení excitačních vln cyklického 
adenosin-3‘,5‘-monofosfátu (cAMP), bylo posoudit, do 
jaké míry lze nebo nelze chování biologických systémĤ 
pochopit na základČ znalostí o chemických systémech15–19. 

PĜedložená práce je zamČĜena pouze na tĜetí z výše 
zmínČných systémĤ, čtenáĜi tedy budou seznámeni 
s hlenkou Dictyostelium discoideum, detailnČ bude popsán 
její zajímavý životní cyklus a princip šíĜení vln cAMP. 
ZmínČno bude také využití tohoto modelového systému pĜi 
studiu nČkterých biologických pochodĤ (napĜ. chemotaxe, 
diferenciace bunČk, signálních transdukčních drah). Budou 
ukázány výsledky experimentálního pozorování vývoje 
hlenky Dictyostelium discoideum za pĜirozených podmí-
nek, podrobnČji se zamČĜíme na agregační fázi vývoje 
a šíĜení vln cAMP. Dále budou shrnuty výsledky experi-
mentĤ výzkumné skupiny Hany Ševčíkové a jejích studen-
tĤ, které souvisely s ovlivĖováním agregace bunČk vnČjší-
mi stimuly (elektrické pole16, organické látky20–23, cAMP19 
a 2‘,3‘-O-isopropylidenadenosin (IPA)18 v agaru). 

 
1.1. Životní cyklus hlenky Dictyostelium discoideum   

 
Hlenky jsou eukaryotické mikroorganismy všudypĜí-

tomné na vlhkých a stinných místech v pĤdách mírného 
pásu24. Dosud bylo popsáno asi 60 druhĤ, z nichž nejvíce 
studovaným druhem jsou hlenky Dictyostelium discoide-
um. BuĖky Dictyostelium discoideum mají vlastnosti bu-
nČk jak z rostlinné, tak i živočišné Ĝíše. StejnČ jako rostlin-
né buĖky produkují celulosu a tvoĜí spóry. S živočišnými 
buĖkami je spojuje schopnost pohybu a kolektivního cho-
vání. Dictyostelium bylo poprvé pozorováno Oskarem 
Brefeldem roku 1869. SvĤj název získalo podle zesíĢova-
ných struktur bČhem agregace (dicty – zesíĢovaný) a vzpĜí-
mené plodnice (stelium – vČž). 

Hlenky jsou buĖky mČĖavkovitého tvaru o velikosti 
asi 10 m. Ve své vegetativní fázi života se volnČ pohybují 

HLENKA Dictyostelium discoideum: MODELOVÝ SYSTÉM NEJEN PRO BIOLOGY * 

 
* Tento článek bych chtČla jménem svým a jménem zamČstnancĤ a studentĤ Ústavu chemického inženýrství VŠCHT v Praze 
vČnovat Hance Ševčíkové, kolegyni, která dokázala vždy ochotnČ pomoci a mČla spoustu elánu do práce, školitelce, která 
nikdy neztrácela víru v úspČch svých svČĜencĤ, kamarádce, která vždy umČla povzbudit a zvednout náladu, organizátorce, 
která dokonale pĜipravila každou oslavu či besídku, človČku, který dokázal se vším bojovat. Bohužel boj s tČžkou nemocí 
Ing. Hana Ševčíková, CSc. prohrála dne 23.9.2006. 23.7.2013 by Hanka oslavila své šedesáté narozeniny. 
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jako samostatní jedinci, živí se bakteriemi a rozmnožují se 
dČlením. V pĜípadČ, že se veškerá potrava z jejich okolí 
vyčerpá, mají buĖky Dictyostelium discoideum na rozdíl 
od ostatních druhĤ z rodiny hlenek pouze dvČ možnosti, 
jak pĜežít. Buć pohlavním zpĤsobem vytvoĜit mnohobu-
nČčné makrocysty, nebo nepohlavnČ vytvoĜit plodnici ne-
soucí spóry. Ostatní druhy mohou ještČ nepohlavním zpĤ-
sobem vytváĜet jednobunČčné mikrocysty. Nejvíce studo-
vaným zpĤsobem je tvorba plodnice a spór, protože jsou 
na nČm ukázány základy vývoje mnohobunČčných orga-
nismĤ a  principy mezibunČčné komunikace, díky níž se 
statisíce bunČk začnou chovat jako organizované společen-
ství. V následujícím se zamČĜíme pouze na tento zpĤsob 
pĜežívání hlenek (obr. 1). 

Když je v okolí bunČk nedostatek živin a buĖky za-
čnou hladovČt, nastupuje morfogenetická fáze, bČhem níž 
buĖky nepotĜebují potravu a čerpají ze zásob nahromadČ-
ných bČhem vegetativního období. U hladovČjících bunČk 
dochází k inaktivaci genĤ potĜebných pro rĤst a jsou akti-
vovány jiné geny – dĤležité pro morfogenezi. BuĖky zís-
kávají schopnost syntetizovat a rozpoznávat cAMP, odpo-
vídat na jeho signály a odbourávat ho.  

BČhem rané agregační fáze, která nastává mezi čtvr-
tou a šestou hodinou od počátku hladovČní, nČkteré buĖky 
začnou syntetizovat cAMP a periodicky ho každou pátou 
až sedmou minutu v pulzech vysílat do okolí. Vyloučený 
cAMP difunduje k nejbližším buĖkám a ty reagují na pĜí-
sun cAMP díky receptorĤm citlivým k cAMP dvojím zpĤ-
sobem. Zaprvé se buĖky začnou pohybovat proti koncen-
tračnímu spádu (tedy ke zdroji cAMP) pohybem označo-
vaným jako pozitivní chemotaxe a zadruhé buĖky začnou 
produkovat další cAMP, který pak difunduje k buĖkám 
dále od zdroje. Periodickým opakováním tČchto dČjĤ se 
buĖky postupnČ shromáždí v agregačním centru. 

Ze 100 000 hladovČjících bunČk se vytvoĜí mnohobu-
nČčný, relativnČ plochý agregát s neostrými hranicemi, 
který se pĜemČní do tzv. „kupky“ hemisférického tvaru, jež 

prodČlá úchvatné zmČny. Nejprve se na ní objeví špička, 
která roste do výšky a pĜipomíná prst (nČkdy se tato fáze 
také nazývá „stojící slimák“), poté se skácí na podklad 
a v podobČ plazícího se slimáka (pseudoplasmodium) se 
stČhuje za svČtlem, než dosáhne oblasti, kde jsou vhodné 
podmínky k vytvoĜení plodnice (houbičky). Zhruba 20 % 
bunČk je určeno k vytvoĜení stonku, tudíž pĜedurčeno 
k zániku. Ze zbývajících bunČk se ztrátou vody a vytvoĜe-
ním obalu stanou spóry, které ve vrcholu plodnice dokáží 
pĜečkat nepĜíznivé podmínky. Za nČjaký čas se spóry uvol-
ní do okolí a v pĜípadČ dostatku potravy nabobtnají, pĜe-
mČní se v buĖky a opČt nastává vegetativní fáze životního 
kolobČhu hlenek. BuĖky se množí, živí a volnČ pohybují, 
dokud se opČt nevyčerpá potrava z jejich okolí. Pak jsou 
hladovČjící buĖky nuceny znovu agregovat a zopakovat 
výše popsaný vývojový cyklus. 

Z uvedeného vyplývá, že hlenku mĤžeme Ĝadit jak 
mezi jednobunČčné, tak mezi mnohobunČčné organismy. 
K vývoji složitého, mnohobunČčného organismu 
(houbičky) je zapotĜebí, aby se populace pĤvodnČ samo-
statných, identických vegetativních bunČk chovala jako 
spolupracující kolektiv, kde jsou jasnČ definované úkoly 
pro všechny členy populace.  

 
1.2. Dictyostelium discoideum jako modelový systém 

 
Hlenka Dictyostelium discoideum je výborným mode-

lovým systémem, který je zkoumán z rĤzných pohledĤ 
v širokém spektru vČdních oborĤ25. Zabývají se jím pĜede-
vším biologové, napĜ. molekulární, bunČční a vývojoví 
biologové, genetici nebo biochemici. Tento organismus je 
vhodný k popisu cytokineze, pohyblivosti bunČk26, fago-
cytózy27, chemotaxe28, bunČčné diferenciace29, adheze30, 
signálních transdukčních drah, mezibunČčné komunikace, 
vývoje mnohobunČčného organismu z jednotlivých bu-
nČk31 a dalších dČjĤ. PĜi pochopení pochodĤ odehrávají-
cích se u hlenky Dictyostelium discoideum mĤžeme lépe 
porozumČt i pochodĤm objevujícím se u vyšších organis-
mĤ. Výhodou studia hlenky Dictyostelium discoideum je 
napĜ. její jednoduchá stavba, krátká reprodukční doba, 
a tedy možnost pĜipravit velké množství bunČk v krátkém 
čase, dále relativnČ jednoduchý genetický kód, a tudíž 
možnost snadno popsat genom a pĜipravit rĤzné mutanty.  

Na hlence Dictyostelium discoideum se napĜ. pozoruje 
vzájemná soudržnost bunČk a jejich pĜilnavost 
k substrátu32. Mnoho bunČk se dokáže plazivými pohyby 
pĜemísĢovat na delší vzdálenosti nebo pĜes pĜekážky. Stej-
nČ jako se hlenky dokážou rychle pohybovat bČhem che-
motaktické agregace, tak se leukocyty dostávají pĜes pĜe-
kážky k místĤm svého pĤsobení nebo se nádorové buĖky 
odpojují ze svého primárního místa a pĜemísĢují se do 
jiných částí tČla.  

Savčí buĖky mají schopnost rozpoznat hustotu bunČk 
ve svém okolí, což hraje dĤležitou roli pĜi Ĝízení rĤstu bu-
nČk a jejich diferenciaci33. Bez této schopnosti by nebylo 
možné u vyvíjejícího se embrya správné roztĜídČní záro-
dečných bunČk do rĤzných typĤ budoucích tkání. BČhem 
vývoje si buĖky v embryu vymČĖují signály, aby si rozdČ-

Obr. 1. Životní cyklus hlenky Dictyostelium discoideum. 
(Autorem snímkĤ z elektronového mikroskopu je M. J. Grimson 
a R. L. Blanton, Biological Sciences Electron Microscopy Labo-
ratory, Texas Tech University) 
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lily, kterou specializovanou funkci bude každá z nich za-
stávat, jakou polohu zaujme a zda bude dál žít nebo umĜe 
či se rozdČlí. Studium této diferenciace pĜímo u savčích 
bunČk je obtížné kvĤli jejich složitosti, a proto se tyto pro-
cesy zkoumají na jednoduchém organismu jako je hlenka 
Dictyostelium discoideum. HladovČjící buĖky Dictyosteli-
um discoideum se v určité fázi svého vývojového cyklu 
diferencují na stonkotvorné a sporotvorné a tím si rozdČlu-
jí úlohy a umístČní v budoucím mnohobunČčném útvaru – 
plodnici. NČkteré buĖky zahynou a vytvoĜí stonek a hla-
vičku houbičky, jiné vytvoĜí spory a jsou naopak nositel-
kami života pĜíštích generací hlenky. 

Hlenka Dictyostelium discoideum je fascinujícím 
organismem nejen pro biology, ale i pro fyziky a chemi-
ky34. BČhem agregační fáze se objevují obrazce podobné 
obrazcĤm vyskytujícím se u reakce BČlousova-
Žabotinského. B. P. BČlousov objevil v 50. letech 
20. století oscilace koncentrace katalyzátoru (ionty ceru) 
pĜi oxidační reakci  kyseliny citrónové bromičnanem. 
A. M. Žabotinský pozdČji pokračoval ve studiu tohoto 
typu neobvyklých chemických reakcí a od té doby se sku-
pina takových reakcí označuje jako BZ reakce. BZ reakce 
jsou hojnČ zkoumány, jak experimentálnČ, tak teoreticky 
matematickým modelováním, protože ukazují Ĝadu typĤ 
nelineárního dynamického chování. Biologický systém 
hlenky Dictyostelium discoideum  má po formální stránce 
mnoho společného s chemickým BZ systémem a je tedy 
studován i z pohledu nelineární dynamiky.  

 
1.3. ŠíĜení excitačních vln 

 
Excitabilní médium je nelineární dynamický systém, 

který má schopnost šíĜit vlny a nepodporovat vznik dalších 
vln, dokud se systém nezregeneruje do pĤvodního stavu. 
Jak bylo zmínČno výše, takovýmto systémem je i vrstva 
hladovČjících bunČk Dictyostelium discoideum. Než si 
popíšeme princip šíĜení vln cAMP u Dictyostelia dis-
coidea, definujeme si základní pojmy týkající se excitabil-
ních systémĤ a jako velice jednoduchý pĜíklad si uvedeme 
požár v lese.  

Prvky excitabilního média se mohou vyskytovat 
v jednom ze tĜí stavĤ: excitabilním, excitovaném a nebo 
refrakterním. Excitabilní prvky jsou v relativním klidu, ale 
mohou být vnČjšími vlivy pĜevedeny do stavu excitované-
ho. Na pĜíkladu požáru v lese excitabilní stav odpovídá 
klidovému období, kdy nic nehoĜí. Excitací je myšlen im-
puls, v našem pĜíkladu lesa jeho zapálení, který uvede 
systém do excitovaného stavu. Excitabilní prvky se dostá-
vají do excitovaného stavu poté, co se  staly excitovanými 
prvky v jejich sousedství. Stromy začnou hoĜet, až když se 
na nČ pĜenese oheĖ z okolních stromĤ. V excitovaném 
stavu setrvá systém pouze určité období, potom nastává 
takzvaná refrakterní fáze. Na jejím počátku je systém vĤči 
dalším impulsĤm zcela imunní (absolutní refrakterita). 
Pokud v lese všechno shoĜelo, nemĤže se tam šíĜit další 
požár. Následující část refrakterní fáze spočívá v návratu 
systému do pĤvodního stavu, les se regeneruje, začínají 
rĤst nové stromy a systém se postupnČ znovu stává excita-

bilním, tedy schopným šíĜit další vlny. 
Podle toho, zda se vlny šíĜí po kĜivce nebo po ploše, 

je rozdČlujeme na jednorozmČrné nebo dvourozmČrné. 
PĜíkladem jednorozmČrné vlny je tzv. mexická vlna, kte-
rou je možno pozorovat na stadionech pĜi rĤzných sportov-
ních utkáních. DvourozmČrné vlny mohou mít rĤzné tvary, 
základními typy jsou vlny kruhové a spirálové. Kruhové 
vlny se šíĜí z jednoho bodu všemi smČry, pĜíkladem mĤže 
být výše popsaný požár v lese. NapĜ. nedopalek cigarety 
uvnitĜ lesa mĤže zpĤsobit vznik požáru a jeho následné 
šíĜení smČrem k hranicím lesa. Spirálové vlny také vznika-
jí v jednom bodČ, ale šíĜí se ve formČ spirál. Tímto zpĤso-
bem se napĜ. šíĜí patologické vzruchy po srdečním svalu. 

HojnČ studovaným chemickým excitabilním systé-
mem jsou média BČlousova – Žabotinského. Oscilační 
barevné zmČny pĜi tČchto redoxních reakcích lze pozorovat 
buć v míchaném vsádkovém systému, napĜ. v kádince, 
nebo v nemíchaném médiu, napĜ. na Petriho misce. 

Vrstva hladových bunČk Dictyostelium discoideum 
nanesených na agar je pĜíkladem biologického excitabilní-
ho média. Excitabilní buĖky setrvávají v relativním klidu, 
dokud nejsou vnČjšími silami z tohoto stavu vybuzeny. 
VnČjšími silami je myšlena koncentrační perturbace, čili 
zvýšení koncentrace signalizační látky (cAMP). BuĖka se 
stává excitovanou po navázání cAMP, který se k ní dostal 
difusí od sousedních bunČk, na povrchové receptory citlivé 
k cAMP. BuĖky v excitovaném stavu mají aktivovaný 
aparát pro tvorbu dalšího cAMP, který je částečnČ uvnitĜ 
buĖky odbouráván enzymem bunČčnou fosfodiesterasou 
a částečnČ vylučován do okolí buĖky. Po nČkolika minu-
tách dosahuje koncentrace extracelulárního cAMP hodnoty 
ĜádovČ 10–6 M, buĖky jsou vystaveny trvalému stimulu 
cAMP a dostávají se do stavu absolutní refrakterity. Mají 
obsazeny všechny receptory, nejsou schopny pĜijímat sig-
nál a ani na nČj reagovat. Extracelulární cAMP postupnČ 
difunduje k sousedním buĖkám nebo je odbouráván extra-
celulární fosfodiesterasou a jeho koncentrace v okolí bu-
nČk klesá. Receptory se stávají znovu citlivými k vnČjším 
podnČtĤm a buĖky se pozvolna dostávají opČt do excitabil-
ního stavu. Jsou znovu pĜipravené reagovat a vyčkávají na 
další signál cAMP. Po nČkolika minutách se na receptory 
naváže další cAMP a cyklus se opakuje. 

Výše popsaný mechanismus šíĜení vln je schematicky 
znázornČn na obr. 2, kde je postup vlny z hlediska tvaru 
bunČk rozdČlen do čtyĜ fází. Ve fázi A buĖky detegují 
cAMP signál, omezuje se tvorba panožek, buĖky se zaku-
lacují a začínají svĤj pohybový aparát polarizovat smČrem 
ke zdroji chemoatraktantu. V místech rostoucího gradientu 
cAMP (fáze B) jsou buĖky excitované, protahují se a vy-
konávají rychlý organizovaný pohyb pĜímo ke zdroji che-
moatraktantu. ZároveĖ buĖka sama produkuje cAMP. Fá-
ze C nastává v místech s nejvyšší koncentrací cAMP 
(cca 10–6 M) a odpovídá počátku refrakterního období. 
BuĖky se zastavují, pĜestávají vykonávat pohyb ke zdroji 
cAMP, depolarizují se a začínají opČt vytváĜet panožky. 
Ve fázi D gradient cAMP klesá, fosfodiesterasou se po-
stupnČ odbourává cAMP, receptory se stávají opČt aktivní-
mi, buĖky jsou asymetrické, jakoby rozcuchané, panožky 



Chem. Listy 107, 563600 (2013)                                                                                                                                             Bulletin 

568 

vyčnívají do všech stran a buĖky se pohybují neorganizo-
vanČ. 

Neorganizovaný migrační pohyb mČĖavkovitých bu-
nČk hlenky se dČje náhodnČ všemi smČry rychlostí pĜibliž-
nČ 6 m min–1. Pohyb bunČk v pĜítomnosti gradientu 
cAMP je orientovaný a dČje se ve smČru rostoucí koncen-
trace cAMP. V jeho prĤbČhu se buĖka prodlužuje, vytváĜí 
dlouhé panožky a pohybuje se ĜádovČ rychleji než pĜi po-
hybu neorganizovaném – rychlostí pĜibližnČ 30 m min–1. 
Protože je tento pohyb vyvolán pĜítomností chemické látky 
v okolí buĖky, nazývá se chemotaxí. BČhem agregace do 
kupky urazí buĖky vzdálenost až 2 cm.  

Vrstvou bunČk na agaru se šíĜí kruhové nebo spirálo-
vé vlny a to v závislosti na plošné hustotČ bunČk. PĜi niž-
ších hustotách se na miskách neobjevují žádné spirály 
a chemotaktické shlukování je Ĝízeno vysíláním kruhových 
vln z agregačních center, zatímco pĜi vyšších plošných 
hustotách dominují na miskách vlny spirálové, vycházející 
z agregačních center. Spirálové vlny se také mohou tvoĜit 
z porušených vln kruhových, a proto je možno bČhem jed-
noho experimentu pozorovat oba typy vln, nejprve kruho-
vé vlny, které pozdČji pĜecházejí ve vlny spirálové35.  

 
 

2. Experimentální studium hlenky  
Dictyostelium discoideum 

 
2.1. PČstování bunČk 

 
Všechny experimenty byly provedeny s axenickým 

kmenem hlenky Dictyostelium discoideum AX2. BuĖky 
byly pČstovány z rozmražených spor (uskladnČných 
pĜi –20 °C) a kultivovány za sterilních podmínek v živném 
médiu HL5 v temné komoĜe pĜi teplotČ 21 °C za neustálé-
ho promíchávání na automatické tĜepačce. BuĖky byly 
sklízeny v exponenciální fázi rĤstu. 

2.2. PĜíprava bunČk 
 
Suspenze bunČk a živného média byla odseparována 

v centrifuze. K odstĜedČnému peletu bunČk bylo pĜidáno 
cca 30 ml fosfátového pufru (14,7 mM KH2PO4, 1 mM 
Na2HPO4 · 12 H2O, pH 6,14), smČs byla jemnČ proplách-
nuta špičkou pipety a opČt vložena do odstĜedivky. Po 
dalším promytí byla spočítána koncentrace bunČčné su-
spenze a naĜedČna fosfátovým pufrem na koncentraci 
5·106 b/ml. Na jednu Petriho misku (prĤmČr 8,4 cm) 
s NN−agarem (0,5 % agaru ve fosfátovém pufru, 2 mM 
kofeinu) bylo naneseno 6,8 ml takto pĜipravené bunČčné 
suspenze. Misky byly ponechány asi 15 min v klidu, bČ-
hem této doby si buĖky sedly, a pak byla rychlým otoče-
ním misky o 180° slita pĜebytečná kapalina. Petriho misky 
byly umístČny do temné komory, kde bylo pozorováno 
chování bunČčné vrstvy.  

 
2.3. Snímání a vyhodnocování experimentĤ 

 
Základem pro snímání experimentĤ byl optický pĜí-

stroj (inverzní mikroskop s fázovým kontrastem nebo 
makrooptika pro snímání v temném poli), dále kamera 
a počítač vybavený programem pro obrazovou analýzu 
Lucia. Misky s bunČčnou vrstvou na agaru se začínaly 
snímat zhruba jednu hodinu od počátku hladovČní 
v časových intervalech 1 min. Celková doba snímání se 
pohybovala okolo 24 hodin.  

Periodický vznik a šíĜení pulsĤ cAMP vrstvou bunČk 
byl monitorován pouze nepĜímo s využitím tzv. metody 
temného pole, založené na rozdílných optických vlastnos-
tech bunČk v místech s rozdílnými koncentracemi cAMP. 
cAMP se za pĜirozených podmínek vrstvou hladovČjících 
agregujících bunČk šíĜí ve formČ koncentračních vln. Tyto 
vlny je možno dosud pozorovat pouze zprostĜedkovanČ 
optickou metodou temného pole na základČ faktu, že buĖ-
ky vykonávající organizovaný pohyb ke zdroji cAMP mají 
protáhlý tvar a lámou svČtelné paprsky pod jiným úhlem 
než ostatní buĖky. Rozdíly v optických hustotách se na 
snímcích poĜízených touto metodou projevují tak, že pohy-
bující se buĖky se jeví jako svČtlé oblasti na tmavém pod-
kladu. S využitím metody založené na izotopovém značení 
bylo dokázáno36, že vlny pohybujících se bunČk souhlasí 
s nejvyššími koncentracemi cAMP (10–6 M), tedy vlnami 
cAMP. 

 
2.4. Výsledky experimentálního pozorování vývoje 

hlenky Dictyostelium discoideum 
 
PrĤbČh agregační fáze vývoje hlenky Dictyostelium 

discoideum sledovaný optickou metodou temného pole je 
zachycen na obr. 3. NČkolik hodin od počátku hladovČní se 
na snímcích vyskytovala homogenní vrstva bunČk. Kolem 
páté hodiny se na miskách objevovaly první vlny neurči-
tých tvarĤ, které se postupnČ pĜemČnily v pravidelné spirá-
ly. Okolo osmé hodiny se začaly vytváĜet hranice teritorií 
a vrstva se rozpadla na agregační teritoria. V jednotlivých 
teritoriích se utvoĜily proudy shlukujících se bunČk do 

Obr. 2. Schematické znázornČní reakce bunČk na pĜicházející 
vlnu cAMP 
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agregačních center. Proudy byly zpočátku velice tenké 
a dlouhé, ale postupem bunČk smČrem do centra shluková-
ní mohutnČly a krátily se. Zhruba čtrnáct hodin od počátku 
hladovČní byla miska pokryta kupkami, z nichž se vČtšina 
do 24 h od počátku hladovČní pĜemČnila v houbičky.  

Programem Lucia byly obrázky z temného pole upra-
veny a byly zvýraznČny vlny cAMP (obr. 4). Dále byly 
vytvoĜeny časoprostorové grafy a z nich vyhodnoceny 
parametry šíĜení vln. PrĤmČrná rychlost šíĜení vln v čase 
klesala z počáteční hodnoty 0,31 mm min–1 na konečnou 
0,17 mm min–1. Perioda šíĜení vln mČla také klesající ten-
denci, zpočátku se pohybovala kolem 7,3 min a pĜi dozní-
vání vlnČní činila asi 4,3 min. Agregační fáze trvala zhruba 
3–4 hodiny a ke shromáždČní bunČk z agregačního terito-
ria do kupky bylo zapotĜebí asi 30 vln.  

Na obr. 5 je zachycen vývoj bunČk za pĜirozených 
podmínek na snímcích z mikroskopu. Po nanesení bunČk 
na agar se vytvoĜila homogenní vrstva a jednotlivé buĖky 
se pohybovaly náhodnČ, neorganizovanČ, všemi smČry. 
Kolem sedmé hodiny od počátku hladovČní se buĖky začí-
naly sdružovat do tenkých ĜetízkĤ, jejichž spojováním 
vznikly proudy smČĜující do agregačního centra. Tento 
proces trval zhruba do jedenácté hodiny, kdy se vytvoĜily 
velké agregáty, které se bČhem dvou hodin rozpadly na 
kupky. Kupky postupnČ rostly do výšky a kolem patnácté 
hodiny se dostaly do stádia stojícího slimáka. Stojící 
slimáci se skáceli na agar a kolem šestnácté hodiny se po 
misce pohybovali plazící se slimáci. Kolem dvacáté hodi-
ny se nČkteĜí slimáci zastavili a postupnČ pĜemČĖovali 
v houbičky. V dobČ 24 hodin od počátku hladovČní se 
vyskytovalo na misce pouze nČkolik houbiček, kolem dva-
cáté šesté hodiny už byla celá miska pokryta houbičkami 
a vývojový cyklus byl ukončen. 

 
2.5. Vliv externích stimulĤ na agregaci hlenky 

Dictyostelium discoideum 
 
Výzkum excitabilního biologického systému hlenky 

Dictyostelium discoideum se v laboratoĜi Hanky Ševčíkové 
ubíral nČkolika smČry. Velká část výsledkĤ experimentální 
práce souvisela s vlivem pĜiloženého elektrického pole na 
šíĜení koncentračních vln cAMP bČhem agregační fáze 
vývoje hlenky16. Další oblastí výzkumu byla spolupráce 
s Ústavem organické chemie a biochemie Akademie vČd 
ČR, kde byly vyvíjeny barevné indikátory cAMP na bázi 
makrocyklických sloučenin a azopeptidĤ. Úkolem bylo 
testovat biokompatibilitu daných látek (organická rozpouš-
tČdla20, pryskyĜičné nosiče s navázaným azobarvivem21, 
bezfosfátové pufry22,23) s buĖkami hlenky Dictyostelium 
discoideum.  

Dále se skupina Hany Ševčíkové zabývala experi-
mentálním studiem atypické agregace hladovČjících bunČk 
Dictyostelium discoideum ovlivnČných cAMP (cit.19,37) 
a jeho derivátem IPA (cit.18,37). PĜídavek tČchto substancí 
v rĤzných koncentracích do agaru, nosného substrátu ne-
obsahujícího žádné živiny, na který se nanáší hladové buĖ-
ky, modifikuje prĤbČh agregační fáze vývoje ve srovnání 
s prĤbČhem za pĜirozených podmínek. Navázáním tČchto 
látek na bunČčné receptory jsou dosud neobjasnČným zpĤ-
sobem vyvolány jiné mechanismy umožĖující agregaci 
a dokončení vývojového cyklu. Dochází tím také 

Obr. 3. Agregační fáze vývojového cyklu hlenky Dictyostelium 

discoideum zaznamenaná technikou temného pole. V čase 1 h 
homogenní vrstva hladovČjících bunČk na agaru, okolo 6 h první 
vlny cAMP, 7 h pravidelné spirálové vlny cAMP, 8 h rozpad na 
agregační teritoria, 9–11 h proudy shlukujících se bunČk, 15 h 
kupky, stojící slimáci. Časy uvádČny vzhledem k počátku hlado-
vČní bunČk. Velikost obrázkĤ 1,9  1,9 cm  

5 h 5,5 h 6 h 6,5 h 7 h 7,5 h 8 h 8,5 h

Obr. 4. Vlny cAMP v prĤbČhu agregační fáze vývoje hlenky. Snímky poĜízené technikou fotografie v temném poli (viz obr. 3) jsou 
počítačovČ zpracovány pro získání lepší viditelnosti vln. Časy uvádČny vzhledem k počátku hladovČní bunČk. Velikost obrázkĤ 
1,5  1,5 cm 
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k ovlivnČní excitability, vzniku a šíĜení koncentračních vln 
cAMP, chemotaxe, agregace a následného vývoje.  

U experimentĤ s IPA v agaru byla jedním z rozdílĤ od 
pĜirozeného chování tvorba spirálových vln s vČtšími vlno-

vými délkami. Zatímco za pĜirozených podmínek se spirá-
lová vlna šíĜí na ploše nČkolika milimetrĤ čtverečních 
(obr. 6A), vlny na agarech obsahujících IPA mČly 
v prĤmČru i nČkolik centimetrĤ (obr. 6B). Dalším rozdílem 
bylo netypické druhé vlnČní (periodické vysílání malých 
kruhových vln), které se objevovalo po odeznČní spirál, 
vedoucí k rozpadu bunČčné vrstvy na miniteritoria, v nichž 
se buĖky na rozdíl od pĜirozeného chování shlukovaly 
atypicky bez tvorby proudĤ.  

Hlavními znaky experimentĤ s buĖkami ovlivnČnými 
cAMP v agaru byly (i) vznik a šíĜení globální vlny (pro 
koncentrace cAMP v agaru 0,0625–4,5 mM), (ii) posunutý 
začátek tvorby excitačních vln (koncentrace menší nebo 
rovny 1 mM), (iii) vymizení typického cAMP vlnČní 
a netypické shlukování bunČk bez tvorby proudĤ 
(v koncentračním rozmezí 2–4,5 mM) a (iv) nedokončení 
vývoje do stádia houbičky (pĜi koncentracích vyšších než 
5 mM). Zajímavým poznatkem experimentĤ s cAMP 
v agaru byla globální vlna (obr. 6C), která se nikdy neob-
jevuje u experimentĤ s pĜirozenými buĖkami. Tato atypic-
ká vlna vzniká na misce vždy pouze jedna pĜibližnČ ve 
stĜedu misky a šíĜí se k okrajĤm misky pĜibližnČ stejnou 
rychlostí. Čas vzniku globální vlny a rychlost jejího šíĜení 
závisí na koncentraci cAMP v agaru. PĜi nízkých koncen-
tracích cAMP v agaru se globální vlna objevuje dĜíve a šíĜí 
se vČtší rychlostí než pĜi koncentracích vyšších. Její šíĜení 
souvisí s odbouráváním cAMP pĜidaného do agaru pomocí 
enzymu fosfodiesterasy.  

 
 

3. ZávČr 
 
Zkoumání prĤbČhu agregační fáze vývoje hlenky 

Dictyostelium discoideum se nČkolik let vČnovala Biolabo-
ratoĜ Ústavu chemického inženýrství VŠCHT Praha zalo-
žená Ing. Hanou Ševčíkovou, CSc. Na první pohled by se 
mohlo zdát, že popis dynamického chování hlenky 
Dictyostelium discoideum za pĜirozených podmínek, i za 
podmínek pro hlenku v pĜírodČ neobvyklých, s chemickým 
inženýrstvím nesouvisí, ale ve skutečnosti právČ chemic-
ko-inženýrská metodika umožĖuje pochopit analogie mezi 

Obr. 5. Vývoj hlenky Dictyostelium discoideum zaznamenaný 
inverzním mikroskopem s fázovým kontrastem. V čase 1 h 
rovnomČrnČ rozmístČné hladovČjící buĖky na agaru, od 7 h prou-
dy shlukujících se bunČk, 11 h agregáty, 13 h kupky, 15 h stojící 
slimáci, 16 h plazící se slimáci, 24 h první houbičky. Časy uvádČ-
ny vzhledem k počátku hladovČní bunČk. Velikost obrázkĤ 
1,75  1,75 mm  

Obr. 6. Porovnání koncentračních cAMP vln za pĜirozených podmínek (A) a na agaru s pĜídavkem 2 mM IPA (B). Globální vlna 
na agaru s pĜídavkem 2 mM cAMP (C). Snímky poĜízené technikou fotografie v temném poli počítačovČ zpracovány pro získání lepší 
viditelnosti vln 



Chem. Listy 107, 563600 (2013)                                                                                                                                             Bulletin 

571 

fungováním biologických a chemických systémĤ.  
Studium uvedeného systému zahrnuje stejnČ jako jiné 

chemicko-inženýrské práce jak metody experimentální, tak 
metody matematického modelování. Pro konstrukci expe-
rimentálních zaĜízení se využívají technologie reaktorové-
ho inženýrství a pro matematický popis daného systému se 
aplikují rovnice materiálové bilance. HojnČ se uplatĖují 
i základní poznatky o chování autokatalytických reakcí 
v nemíchaných tenkých vrstvách reakčního média a vý-
sledcích společného pĤsobení difuzního transportu složek 
a autokatalytické reakce. 

Hlenka Dictyostelium discoideum je intenzivnČ studo-
vaným mikroorganismem, který prodČlává pĜechod od 
jednobunČčného organismu k mnohobunČčnému za relativ-
nČ krátkou dobu. Pro svou jednoduchou stavbu, krátkou 
regenerační dobu a pro svĤj jednoduchý genetický kód je 
hlenka vhodným modelovým systémem pro studium mno-
ha biologických pochodĤ (chemotaxe, cytokineze, signál-
ních transdukčních drah, diferenciace bunČk a dalších). 
BČhem agregační fáze dochází ke shlukování bunČk zpro-
stĜedkovanému pulzy cAMP, které se šíĜí vrstvou bunČk ve 
formČ koncentračních vln, a proto je agregace hlenky 
Dictyostelium discoideum zkoumána i chemickými inžený-
ry z pohledu nelineární dynamiky.  

Hlenka Dictyostelium discoideum mĤže posloužit také 
jako vzor pro inženýry, kteĜí se snaží navrhnout a vyrobit 
tzv. chemické roboty38. Chemického robota si lze pĜedsta-
vit jako umČlou buĖku se schopností autonomního pohybu, 
látkové výmČny, zpracovat absorbované molekuly chemic-
kými reakcemi a cílenČ vylučovat produkty. Takovéto 
inteligentní částice o velikosti v Ĝádu desítek mikrometrĤ 
by mČly být schopny mezi sebou „komunikovat“ pomocí 
chemických signálĤ stejnČ jako se hlenky dorozumívají 
pomocí cAMP. PodobnČ jako hlenky se musí chovat ko-
lektivnČ, aby pĜečkaly nepĜíznivé období, stejnČ tak je 
kolektivní chování vyžadováno i u chemických robotĤ, 
aby dokázaly vykonat cílovou misi. Mnoho vlastností 
hlenky Dictyostelium discoideum slouží jako zdroj inspira-
ce pro pĜípravu chemických robotĤ a ovládat hejna che-
mických robotĤ („umČlých hlenek“) by našlo uplatnČní 
napĜ. pĜi cíleném doručování a vylučování léčiv. 
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J. Čejková (Department of Chemical Engineering, 
Institute of Chemical Technology, Prague): Slime Mold 
Dictyostelium discoideum – A Model System Not Only 
for Biologists  

 
The slime mould Dictyostelium discoideum is an ex-

cellent microorganism that allows, as a model system, to 
study many biological problems, such as chemotaxis, gene 
expression, adhesion, cell differentiation, cell sorting, mul-
ticellular development from single cells, intercellular com-
munication, phagocytosis, motility, programmed cell death 
and signal transduction. However, the microorganism is 
also investigated by physicists because of its non-linear 
dynamic behaviour and pattern formation. These single-
celled soil inhabitants are an ideal example for the re-
searchers seeking models of artificial cells and chemical 
robots or researchers in the swarm robotics field.  
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ABSTRACT: Pattern formation in far-from-equilibrium sys-
tems is observed in several disciplines including biology,
geophysics, and reaction-diffusion chemistry, comprising both
living and nonliving systems. We aim to study such
nonequilibrium dynamics on the laboratory scale with
materials of simple composition. We present a novel system
based on a 1-decanol droplet placed in a solution of alkaline
decanoate. Previously, we showed the short time scale
behavior of this system, which included chemotaxis and
maze solving. Here we explore long time scale dynamics of the
system (several hours) when open to the environment. We
observe dramatic morphological changes in the droplet
including long tentacular structures, and we analyze the
morphology of these structures at both the macroscopic and microscopic scales across a large range of initial conditions. Such
reproducible morphological changes in simple droplets open a path to the exploration of shape-based effects in larger-scale
pattern-formation studies.

1. INTRODUCTION

In nature, we can observe pattern formation on various spatial
and temporal scales; various patterns such as spots, stripes,
waves, spirals, and dendrites could appear in both the inanimate
word and in biological systems.1 The spontaneous formation of
spatial or spatiotemporal patterns under homogeneous external
conditions is a characteristic feature of systems far from
equilibrium. Such spontaneous pattern formation is of interest
in scientific areas such as hydrodynamics, reaction−diffusion
systems, oceanography, meteorology, geophysical and biological
morphogenesis, semiconductors, and so forth.
The most familiar patterns observed in the fluid dynamics are

Rayleigh−Beńard convection2 and Taylor vortexes in Taylor−
Couette flow.3 Other well-known examples are patterns formed
at interfaces, e.g., snowflakes and ice crystal growth at solid−
vapor and solid−liquid interfaces, respectively.4 Pattern
formation in liquid crystals is also studied intensively.5 Another
example of interfacial phenomena is viscous fingering in the
Hele−Shaw cell or Saffman−Taylor instabilities.6 The well-
known Belousov−Zhabotinsky reaction−diffusion system7 dis-
plays the famous circular or spiral concentration waves and
patterns. Similar patterns are observed in biological systems, for
example, in a layer of starving Dictyostelium cells.8,9 The seminal
paper by Alan Turing10 explored how the patterns and structures
we observe in nature such as spots and stripes emerge. Although
we gave only a few examples of pattern formation, it is obvious
that there are plenty of systems where the evolution of patterns in
time has been intensively studied both experimentally and

theoretically. The present article focuses on a novel type of
pattern formation that, to the best of our knowledge, had not
been described before.
In our previous work, we have studied the behavior of

microliter-sized decanol droplets floating in a thin layer of
sodium decanoate solution.11 We have found that the droplet is
able to perform an oriented movement in an externally imposed
salt concentration gradient. This phenomenon mimics the
chemotaxis of living cells or organisms, which also move
directionally in chemical gradients.12 This observed process is
complete within a few minutes. However, in the same system
without a macroscopic concentration gradient, we can observe
that the decanol droplets undergo intriguing shape changes over
much longer time scales. The present article focuses on the
pattern formation of decanol droplets in the presence of sodium
chloride and sodium decanoate solution that is slowly
evaporating under laboratory conditions on the order of hours.
It is known that droplets on solid and liquid surfaces can

exhibit complex dynamics as a result of the competition of
inertial, viscous, and capillary forces coupled with dynamic
surface tension. In oil-in-water systems, several modes of droplet
behavior have been defined such as vibrational or fluctuating13

motion, explosion, stardust or galaxies,14 blebbing15 or breathing,
and crawling and budding.16 It has also been shown that droplets
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can spontaneously divide or fuse.17 However, all of these studies
focus on droplet shape changes that usually occur on a time scale
of milliseconds to minutes. We observe complicated shape
change dynamics over the course of several hours in an open
system under evaporation.

2. EXPERIMENTAL SECTION

Decanoic acid, 1-decanol, oil red O, sodium hydroxide, and sodium
chloride were obtained from Sigma-Aldrich. All chemicals were used
without further purification; water was purified by a Millipore Milli-Q
system. Sodium decanoate solution was prepared by dissolving decanoic
acid in water to a concentration of 10 mM and then using 3 MNaOH to
adjust the pH of the resulting solution to 12−13 (the system was not
buffered). Sodium chloride solution was prepared at saturation to a final
concentration 6.5 M.
The majority of experiments described in the present article were

performed as follows (Supporting Information Movie SM1). Aqueous
10mMdecanoate solution (250 μL) was spread over a round cover glass
with a diameter of 18 mm. A decanol droplet containing oil red O as a
colorant (approximately 2 mg/mL) was placed by a micropipette on the
decanoate layer, and then the salt solution was added to the decanoate

solution. The amounts of salt and the volumes of decanol droplets were
systematically varied as described below. The experiment was performed
under laboratory conditions at a temperature of around 23 °C, and the
evaporation of water from the decanoate solution occurred as a result of
natural convection, i.e., it was not actively controlled. Under these
conditions, the complete evaporation of 250 μL of the aqueous phase
typically lasted approximately 3.5 h. To inhibit evaporation, we used a
partially closed system consisting of a plastic Petri dish with its cover of
diameter 10 cm. To enhance evaporation, we applied directional airflow
across the system using a hairdryer (Sencor SHS 7551).

The pattern formation of decanol droplets could be clearly seen with
the naked eye; however, the experiments were monitored using an
ImagingSource video camera (DFK 23U274) from the top view and
processed later by the 4.3 version of NIS-Element software (Laboratory
Imaging s r.o., Czech Republic). For microscopic observation, an
Olympus CK40 microscope with phase contrast was used.

3. RESULTS AND DISCUSSION

When the decanol droplet is placed on the decanoate aqueous
surface, it has a round shape, and after approximately 1 min, its
diameter decreases. Occasionally, the droplets exhibited a

Figure 1. Pattern formation of 2.4 μL decanol droplets on a round cover glass with a diameter of 18 mm. The amount of 10 mM decanoate solution at
time t = 0was 250 μLwith 1.5 μL of saturated NaCl solution added. Figures marked with an asterisk *were observed on themacroscale, and the scale bar
corresponds to 1 cm. Other figures were observed by using an optical microscope, and the scale bars correspond to 1 mm (Supporting Information
Movie SM2).
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pulsatile shrinking/expanding behavior in the first 20 min. We
start our measurement after the first 20 min once the size
oscillation ceases.
Figure 1 shows an image sequence of pattern formation of a 2.4

μL decanol droplet in 20min intervals after the addition of 1.5 μL
of salt solution (Supporting Information Movie SM2). At the
beginning of the experiment, the droplet has a round shape,
performs almost no movement, and remains in the middle of the
glass slide. At around 40 min from the beginning of the
experiment, the first small protrusions on the droplet surface are
observable under the microscope (Figure 2). These protrusions
bulge and also retract along many points of the droplet
circumference. They widely eject small volumes of decanol that
detach from the droplet. A few minutes later, several protrusions
dominate the others and start to prolong and grow. The droplet
adopts a starlike shape with further elongation at the leading
edges to form prominent tentacular structures. The tentacles are
long and rarely branched. After 1 h, holes appear in the tentacles,
with subsequent shrinkage of the tentacles. The tentacles are
covered by aggregate structures and eject small amounts of
material. After 2 h from the beginning of the experiment, smaller
scale protrusions (so-called myelin figures) form from the
tentacles often perpendicular to the main tentacle axis that are on
the micrometer scale in diameter (up to ca. 30 μm) but can
elongate to several millimeters (Figure 3). In addition to
standard light microscopy, the myelin figures were imaged by
polarized light microscopy, which confirmed their liquid-
crystalline nature18 (Supporting Information Figure 1). Later,
when the decanol structures start to swell, the myelin figures
shorten and dissolve into the decanol phase. As a result of
continuous evaporation of the aqueous phase, small decanol
droplets that previously emerged from the disintegration of
tentacular structures now coalesce and form larger droplets. After
evaporation is complete, the glass slide is covered by dried
residues of the myelin structures as well as by other structures
including salt crystals and one or several fragments of gelled
decanol.

It is known that ionic surfactants exhibit rich phase behavior in
saline aqueous solutions. Typically, research on concentration-
dependent surfactant/water phases focuses on the equilibrium
phase diagrams. The ternary phase equilibria of many
amphiphiles in aqueous solutions have been studied in great
detail, both experimentally and theoretically. Several papers
describing the phase diagrams of decanol−surfactant−water
systems have been published, with the surfactants represented by
sodium octanoate,19,20 sodium N-lauroylsarcosinate hydrate,21

dodecyltrimethylammonium with DNA,22 hexadecyltrimethy-
lammonium bromide,23 and potassium laurate.24 All of these
works show very complex isothermal phase diagrams from which
it is evident that a slight change in the system composition could
lead to complicated phase transitions. All of these works focus on
equilibrium states; however, the kinetic process through which
the nonequilibrium initial state of the pure surfactant and pure
water arrives at equilibrium has been subjected to relatively few
studies. Several papers describe the process when water is added
to the lamellar phase of a surfactant and the so-called myelin
figures start to form.25 In addition, a few papers look at
morphological changes in liposomes when the surface area to
volume ratio is varied.26 Evidently, the morphological changes
we see are also congruent with an increase in surface area over
time.
Here we show that decanol droplets are able to form complex

morphological patterns when they are placed on a thin layer of
decanoate solution under far-from-equilibrium initial conditions.
We performed a systematic mapping of the patterns that formed
depending on the initial composition of the system, namely, the
molar ratios of decanol, decanoate, and salt. To represent the
initial composition in a concise way, we have constructed a
triangular diagram, from now on called the initial state diagram,
where each point corresponds to a specific molar ratio of decanol,
decanoate, and salt in the beginning of the experiment. The
number of water molecules was the same in all experiments (each
experiment was performed with 250 μL of a 10 mM aqueous
solution of decanoate), and thus water is not explicitly shown in
this representation. (For more details about the triangular graph

Figure 2.Microscopic image sequence of partial droplet dissolution and the release of small volumes of decanol from droplets about 30 min after the
beginning of experiment. The time difference between images is 2 s. Initial conditions: glass slide with a diameter 18 mm, 250 μL of 10 mM decanoate
solution, 2.4 μL of decanol, and 1.5 μL of 6.5 M salt. The scale bar corresponds to 100 μm.

Figure 3.Microscopic images of myelin figures formed about 2 h after the beginning of the experiment. Initial conditions: glass slide with a diameter of
18 mm, 250 μL of 10 mM decanoate solution, 2.4 μL of decanol, and 1.5 μL of 6.5 M salt. The scale bars correspond to 100 μm.
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construction, see Supporting Information Figure 2.) Figure 4
shows three main regimes that we have found for this system
(Supporting Information Movie SM3). The red diamonds
represent the area where decanol droplets behave in the same
way as described in Figure 1, with the characteristic formation of
tentacles. In the regime depicted by green pentagons, the round
droplets start to form small protrusions, but the droplet does not
transform into one tentacular structure as in the previous case.
Instead, the singular droplet splits into several smaller pieces that
maintain an oblong shape. The third type of behavior, observed
when the proportion of decanoate in the system is low
(represented by blue dots in the graph), is a droplet without
tentacle formation. In this situation, no protrusions on the
droplet surface appear during the experiment, and the droplet has
a round or oval shape and stays in the middle of the glass with
minimal movement.
The area in the initial state triangular diagram when droplets

form tentacular structures was studied in even more detail. It was
found that with increasing size of the droplets, the time for
tentacle formation increases in a predictable manner (Supporting
Information Movie SM4). Figure 5 shows how the initial time of
pattern formation depends on various molar ratios between salt
and decanol, whereas the molar ratio of decanoate was constant
at 5−15%with a step of 2.5% (corresponding to the cross-section
at values of 5, 7.5, 10, 12.5, and 15 for decanoate in the triangular
diagram inset in Figure 5). Although experiments were
performed without precise control of the experimental
conditions (the evaporation conditions changed depending on

the conditions in our open-space laboratory), the results show
high reproducibility and high predictability of temporal events. In
particular, when the decanol droplets start to form tentacles
depends on the initial composition of the system. From the
graph, it is evident that with the increasing size of decanol
droplets (and thus increasing molar ratios between decanol and
salt), the time before tentacle formation increases and the lower
ratio of decanoate in the system enables earlier pattern
formation.
Furthermore, we focused on the final shape of tentacular

patterns before their disintegration. We evaluated the number of
branches, i.e., the free ends of tentacular structures, and we have
found that the droplets form mainly five-branched structures
(Figure 6). We suspect that branching is a stochastic process
because we have found no systematic dependence of the number
of branches on the droplet size or on the composition of the
system (Supporting Information Figure 3).We can conclude that
three-branched structures are formed only from small droplets
(0.5−2.3 μL) and were not observed in the case of larger
droplets. To study the branching in more detail, we defined B−N
as a ratio between the free ends of tentacular structures and the
number of nodes inside the branching structure (Supporting
Information Figure 4). Statistically, the most common structures
were five-branched with two nodes and four-branched with two
nodes.
Although all experiments described in this article were

performed on round glass slides, similar behavior and patterning

Figure 4.Decanol droplet pattern formation on the cover glass (diameter 18 mm) covered with a thin layer of 250 μL of 10 mM decanoate with varying
molar ratios of decanol−decanoate−salt (triangular initial state diagram in the left side). Representative image sequences of three main regimes
represented by green pentagons (division), red diamonds (tentacular structures), and blue dots (droplets without extensive morphological patterning)
are on the right side. The scale bar corresponds to 1 cm (Supporting Information Movie SM3.)

Figure 5. Dependence of time when the first tentacles appear on the decanol droplet diameter for fixed molar ratios of decanoate.
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were observed on semicircular and rectangular cover slides with
corresponding surface areas (Supporting Information Figure 5).
All experiments described so far were performed under

laboratory conditions and natural convection. However, several
reference experiments under accelerated or suppressed water
evaporation conditions were also performed in order to assess
the effect of the water evaporation rate from decanoate solution
on pattern formation. When the evaporation rate was enhanced
by applying a constant directional airflow above the glass slide
(forced convection), the patterns appeared sooner and had
thinner tentacles (Figure 7A). First, tentacular structures
appeared about 30 min after the beginning of the experiment
and developed very quickly. The experiment was over in
approximately 1.5 h, when the glass slide was completely dry. On
the contrary, when the glass slide was placed in a Petri dish and
covered, evaporation was slowed and the glass slide was
completely dry after 30 h. In this case, the start of pattern
formation was delayed for several hours, the patterns were
different, and no long tentacles were observed (Figure 7B).
Although all experiments described in this article were carried

out in the presence of sodium chloride, we have also tested other
monovalent salts (specifically, NaBr, NaI, KCl, and KI), and we
have found that all of them were able to promote pattern
formation that was qualitatively similar to that induced by NaCl.
Interestingly, not only salts but also sodium hydroxide was found

to induce the tentacular growth of decanol droplets (Supporting
Information Figure 6).
Let us note that the initial decanoate concentration was 10

mM, which is under the critical micellar concentration,27 and the
pH of the decanoate solution was between 12 and 13. It is known
that the decanoic acid/decanoate system is capable of forming
either micelles or vesicles depending on the pH. At high pH, the
ionized form dominates and only micelles form.28 In order to
evaluate the role of pH, we also performed experiments with a
decanoate solution whose pH was lowered by the addition of
HCl to neutral and acidic regions. We have not observed pattern
formation in any of these cases, and the droplet remained in the
initial circular state.
As a reference, we have also performed experiments without

the addition of salt. Such systems have led to the formation of
qualitatively different fingerlike branching patterns that share
some properties with the well-known Hele-Shaw patterns.6

However, in Hele-Shaw experiments, fingering occurs when a
less viscous fluid displaces a more viscous one confined between
two parallel plates. In our case, we place a decanol droplet (more
viscous) into thin layer of 10 mM decanoate solution (less
viscous), which is opposite to the typical Hele-Shaw experiment.
This observation leads us to the hypothesis that during the
evaporation of water from the decanoate solution the
concentration of decanoate is increasing, reaching and later
exceeding its critical micelle concentration (CMC) and thus
increasing the viscosity. Originally, a less viscous decanoate
solution is converted to a more viscous one, and typical Hele-
Shaw fingering can begin. To the best of our knowledge, such an
evaporation-controlled Hele-Shaw experiment has not yet been
described. The pattern formation of decanol droplets in
decanoate without salt is qualitatively different from the
patterning in the presence of salt on both macroscopic and
microscopic scales, and we will study this problem later
separately. For a comparison of decanol droplet pattern
formation in the presence and absence of salt, see Supporting
Information Movie SM5.

4. CONCLUSIONS

It is well known that numerous open systems in physics (fluids,
plasmas, lasers, nonlinear optical devices, and semiconductors),
chemistry, and biology (morphogenesis) may spontaneously
develop spatial, temporal, or spatiotemporal structures. This
report shows patterns formed when a decanol droplet is placed in
a slowly evaporating aqueous solution of sodium decanoate in
the presence of salt. We have found that some molar ratios of
decanol−decanoate−salt lead to the formation of dramatic
tentacular structures not described previously. The aim of the
present work is to introduce this new phenomenon to the broad
scientific community. However, further investigation on the
mechanism of pattern formation and an explanatory mathemat-
ical model is needed to completely understand this new
phenomenon. Because of the very complex nature of the
pattern-formation process, experts from various areas can
contribute to the explanation of this problem in both
experimental and theoretical approaches.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.6b01062.

Figure 6. Percentage of droplets in accordance with the number of
branches, i.e., free ends of tentacular structures. Evaluated from 220
images.

Figure 7. Pattern formation of decanol droplets with a 2.4 μL volume on
a round cover glass with diameter 18 mm. The amount of 10 mM
decanoate solution at time t = 0 was 250 μL with 1.5 μL of saturated salt
solution added. (A) Evaporation rate enhanced by applying constant
directional airflow. (B) Evaporation slowed by enclosing the glass slide
in a covered Petri dish.
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Links to supporting movies (tentacular pattern formation
of decanol droplet, pattern formation in dependence of
system composition) and supporting figures (polarized
light micrographs of myelin figures, construction of initial
state triangular diagram, number of branches of tentacular
structures, B-N numbers, patterning on various shaped
substrates, pattern formation in presence of other salts)
(PDF)
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A B S T R A C T

Droplet systems remain the subject of a constant fascination in science and technology. Here we focus on organic
droplets loating on the surface of aqueous surfactant solutions. These droplets can exhibit intriguing interac-
tions. Recently we have found independently in two laboratories that we can observe almost the same complex
collective behaviour in two diferent droplet systems. The aim of this paper is to compare both droplets systems,
present their diferences and show their similar oscillatory behaviour. The irst system consists of decanol
droplets loating on a sodium decanoate solution. In the second one, the droplets consist of a mixture of ethyl
salicylate and liquid parain and they are placed on the surface of an aqueous sodium dodecyl sulphate solution.
Although the mechanism of these spatio-temporal interactions of droplets is not fully understood yet, we believe
that this behaviour is based on the same phenomena.

1. Introduction

Liquid droplets are present in our everyday life. They seem to be so
simple objects, nevertheless they can exhibit fascinating phenomena.
Some phenomena can be observed by naked eye, some are visible only
by using special optical techniques. Some processes can attract our at-
tention in the real time, however some phenomena become pronounced

only when the speed of a recorded movie is changed. One example is
the impact of a rain droplet on a solid surface [1] – in the real time
nobody can see the beauty of the bouncing, spreading and splashing of
the droplet as visible by a high speed camera. On the other hand there
are many processes that are very slow and in real time the system looks
almost static. In this case, playing a recorded movie in fast motion can
reveal interesting behaviour. One example can be the shape change of
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decanol droplets forming multi-armed structures [2,3]. A further ex-
ample, namely the dancing of groups of droplets, will be presented in
this paper.
The research on droplets is intensive from various points of view, on

various spatial and temporal scales. The knowledge of interfacial phe-
nomena at droplets is important for many problems in industry, agri-
culture, medicine and other areas. Recently, droplet studies also be-
came popular in artiicial life research. Whereas biology studies the
composition, behaviour and interactions of living cells and organisms
(representing life as we know it), the artiicial life focuses on artiicially
made systems with life-like properties. In our case we study purely
chemical droplet systems (representing life as it could be) [4]. Recently
we have proposed to use the term “liquid robots” for droplets mi-
micking the behaviour of living cells or small organisms [5]. It has been
shown that organic droplets with a volume of a few microliters loating
on aqueous surfactant solutions can exhibit life-like phenomena such as
self-propulsion [6–10], sensing of chemical signals and responding to
them by chemotactic movement [11,12] or by shape changes [2,3]. The
liquid robots can serve as transporters of small objects or chemicals
(“chemo-taxi” [13]) even in complex environments such as mazes [14].
However, only few works focus on interactions between multiple dro-
plets [15–19].
We can distinguish two categories of experiments: droplets that are

crawling on solid substrates and droplets that are loating on the surface
of another liquid or swimming in another liquid. Regarding droplet
interactions on dry solid substrates, it has been reported [18] that
miscible liquids such as propylene glycol and water deposited on a
clean glass cause a motion of neighbouring droplets over a certain
distance. These droplets are subject to evaporation-induced surface
tension gradients and they move in response to the vapour emitted by
neighbouring droplets. The vapour-induced interactions were also de-
scribed for water droplets, containing a volatile luid, that were loating
on silicone oil [20]. In systems where oil droplets were loating in an
aqueous pool, various mechanisms were described for the mutual at-
traction or repulsion of the droplets. In systems containing surfactant,
surface tension gradients and Marangoni lows are usually responsible
for droplets interactions [21]. In some droplet systems the so-called
“Cheerios efect” plays a central role [22]. Like cereals loating on a
liquid surface are attracted because of interfacial deformation and the
efect of gravity, liquid droplets can be similarly attracted or repelled
[23]. Although some works focus on the interactions between two
droplets [17], only few papers deal with large populations of droplets
and their swarming [19].
Recently, we have observed that droplets, consisting of a mixture of

ethyl salicylate (ES) and parain liquid, loating on the surface of an
aqueous sodium dodecyl sulphate solution (SDS) in a Petri dish (cov-
ered by a lid), exhibit collective behaviour that can be divided into four
stages: the random motion state (stage I), the ring structure state (stage
II), the cluster oscillation state (stage III), and the inal static state
(stage IV) [15,24]. Another system (here called D system) consisting of
decanol droplets loating on a sodium decanoate solution [25,26] on
microscopic slides (system open to the environment) has shown a
qualitatively similar behaviour. Moreover, because of water evapora-
tion from the system, we can observe two more stages, namely (V)
disintegration of the cluster and separation of the droplets and (VI)
shape changes of the droplets [2,3]. Although both systems difer in
several parameters, we think that the phenomena observed should be
based on the same principles. The present work aims to compare the
dynamics during the whole experiments in both systems, especially
focussing on the fascinating oscillating behaviour of droplets in a
cluster.

2. Experimental

2.1. Chemicals

The ES system consisted of droplets of ethyl salicylate (ES, Tokyo
Chemical Industry, Tokyo) that contained 30–90wt% of parain liquid
(Sigma-Aldrich, Tokyo). The droplets were dyed with 0.005 wt% Oil red
O (Nakarai tesque, Tokyo). The concentration of the aqueous sodium
dodecyl sulfate (SDS, Tokyo Chemical Industry) solution was ixed at
35mM (pH ≈ 7). The chemicals were used as supplied.
The D system was based on the same chemistry as described in our

previous work on single decanol droplet chemotaxis [12] and pattern
formation [3], i.e. a 10mM sodium decanoate solution in water as the
continuous phase, and decanol droplets coloured with Oil red O (ap-
proximately 0.2 wt%) as the disperse phase. The sodium decanoate
solution was prepared by dissolving decanoic acid at a concentration of
10mM in water using 3M NaOH to raise the pH of the resulting solu-
tion, typically around 12. All chemicals were purchased from Sigma-
Aldrich (Czechia) and used without further puriication. Deionised
water was produced using an ionex ilter (Aqual 25, Czechia).

2.2. Experimental procedure

The experiments with the ES system were performed on glass Petri
dishes with a diameter of 86mm (Schott/Duran, Japan). The volume of
the aqueous solution was 30mL and the volume of each droplet was
10 μL. The standard experiments with the D system were performed on
microscopic cover slips with dimensions of 24×24mm (P-Lab,
Czechia). The glass slide was covered with a thin layer of 10mM so-
dium decanoate solution (0.75mL). Systematically varying numbers of
decanol droplets (5, 6, 7 and 10) with a volume of each droplet of 1 μL
were added by means of an electronic micropipette and the droplet
behaviour in time was recorded.

2.3. Observation technique

The experiments were monitored using a camera from the top view.
An ImagingSource video-camera (DFK 23U274) was used for the D
system and a CMOS camera (L-835, Hozan, Osaka) for the ES system.
The moment of adding the last droplet to the aqueous solution was
taken as time t= 0.

2.4. Particle image velocimetry

To study the low ield during the dynamical evolution of the dro-
plets, the standard experiments with the D system were repeated in a
microscopic particle image velocimetry (microPIV) setup. For this
purpose, luorescent polystyrene particles (microParticles GmbH,
Berlin, Germany) were suspended in the 10mM decanoate solution as
PIV tracers moving with the luid low. These highly monodisperse
particles with a size of 7 μm are buoyantly neutral for dilute aqueous
solutions due to their density of 1.05 g/cm3. The whole measurement
volume is illuminated by a Nd-YLF laser (Photonics Industries,
Ronkonkoma, USA). The luorescent tracer particles are excited by the
laser light (wavelength λex =527 nm) and emit light with a wave-
length of λem =607 nm. An optical long-pass ilter cuts of the laser
light and transmits the luorescent light with longer wavelength. By
this, the background scatter light is separated from the particle signal.
The recording optics was built of a Zeiss Stereo Discovery.V8 mi-

croscope with PlanApo S 1.0× objective, used at 4.0× zoom level. The
resulting ield of view amounts to 4.2mm×2.6mm. This high mag-
niication is necessary to obtain a suiciently small depth of ield
(0.12mm for these settings) accounting for the high vertical velocity
gradients along the small liquid layer height. Due to the limited ield of
view, the number of 1 μl decanol droplets was reduced to 3 in the
microPIV experiments. To capture the low ield in the luid layer
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directly below the surface of the aqueous solution, the focal plane was
approached to the liquid layer from above until the irst particles came
into focus. The movement of the tracer particles was recorded by a
Phantom VEO 410 L camera (1280× 800 pix) operated at 24 Hz. The
tracer records were evaluated with the software DaVis 8.4 (LaVision,
Göttingen, Germany). The underlying PIV algorithm calculated velocity
vectors in discrete interrogation windows from the cross-correlation of
two consecutive images.

3. Results

3.1. Comparison of droplet systems

3.1.1. Diferences
The properties of the main droplet components in the D and ES

systems are summarized in Table 1. In the D system, the droplets consist
only of 1-decanol. Decanol is lighter than the aqueous phase, so the
droplets are loating on the surface. For the experiments, glass slides
were used which are covered by the aqueous solution. Due to the pin-
ning of the aqueous solution at the edges of the glass slide, a convex
meniscus formed so that the decanol droplets did not move to the very
boundary of the slide. When Petri dishes were used for the D system, the
decanol droplets often went to the glass wall because of gravity efects
at the concave meniscus (see Fig. 1A). The concave (resp. convex)
meniscus of the aqueous solution leads to diferences in the potential
energy of the loating droplets at diferent height levels of the surface.
In the ES system the droplets are a mixture of liquid parain and ethyl
salicylate (ES). ES is heavier than the aqueous SDS solution, so the
droplets hang on the aqueous surface due to the balance of surface
tension forces and gravity. In the presence of small disturbances, it can
happen that droplets fall down to the bottom. Once submerged, the
droplets stop moving. To reduce the density, ES was mixed with liquid
parain. Moreover, glass Petri dishes with a concave meniscus of the
aqueous solution are used for the ES system, so droplets heavier than
the aqueous phase are not attracted by the dish wall. On the other hand,
when experiments with the ES system were performed on microscopic
glass slides as in the experiments with the D system, the droplets went
to the boundary of the glass substrate (see Fig. 1B).
In the D system the aqueous pool consists of 10mM sodium de-

canoate solution. This solution is initially bellow critical micellar con-
centration (CMC). The ES system was studied with various

concentrations of SDS, nevertheless always above CMC. Table 2 below
summarizes the main properties of the anionic surfactants used in both
D and ES systems.
A further diference is due to the evaporation of water from the

aqueous phase. The dishes with the ES system were covered by glass
lids (without tight sealing), whereas the D system was open to the en-
vironment. In the D system it took 10 h until the evaporation of water
from 1mL of decanoate solution was completed, i.e. the rate of eva-
poration was approximately 0.1mL per hour (the evaporation plays a
role mainly in the inal stages). In the covered ES system water eva-
poration was very slow and its efect was negligible.
Because of the spatial scale of the experiments and probably also

because of the diferences in the material parameters, the time scale of
the observed phenomena was diferent. In real time observations of the
ES system no movement of the droplets was immediately noticeable in
the stage III, whereas in the D system the dynamical behaviour was
obvious already in the real time observation.

3.1.2. Similarity
Although the experiments with D and ES systems seem to be dif-

ferent, as described above, the behaviour of groups of droplets is sur-
prisingly very similar and not yet understood in full detail. One of the
most fascinating phenomena observed in both systems is the oscillating
behaviour of droplets in a cluster. The repulsion of droplets from the
cluster followed by their return into one group seems to be based on the
same principles. Further the behaviour during the whole experiments in
both systems will be described.

3.2. Dynamic oscillatory cluster ordering

3.2.1. ES system in Petri dishes
In the ES system we can divide the entire clustering process into

four stages: the random motion state (stage I), the ring structure state
(stage II), the cluster oscillation state (stage III), and the inal static
state (stage IV). The duration of each stage depends on the conditions
such as ES or SDS concentration or the number of droplets. It typically
takes 1–2 h for the stage III to appear. Then it sometimes persists for
more than a day [24].
Fig. 2 shows an example of these four stages. Characteristic dy-

namics are observed in stage II and III. In stage II, droplets form a chain
concentric to the dish wall. Within the ring, individual droplets oscillate

Table 1
Comparison of droplets in D and ES systems.

D system ES system
1-Decanol Ethyl salicylate

Chemical formula C10H21OH C9H10O3
Molar mass 158.28 g/mol 166.17 g/mol
Density 0.825 g/cm3 (at 25 °C) [27] 1.131 g/cm3 [28] a

Solubility in water [29] 0.021wt% (at 29.6 °C) 0.037wt% (at 29.8 °C)
Viscosity 11.8 mPa s (at 25 °C) [27] 2.831mPa s (at 25 °C) [28]
Interfacial tension against water 8.97mN/m (at 20 °C) 44.3 mN/m
Concentration 100 % (w/w) 70 % (w/w) [15], 60–90% (w/w) [24]
Colorant Oil red O Oil red O

a Density was 1.04 g/ml at 70wt% and 1.07 g/ml at 80 wt%.

Fig. 1. The efect of the aqueous phase me-
niscus on the initial distribution of droplets.
(A) Petri dish with a diameter of 86mm illed
by 30mL of 10mM sodium decanoate solution,
50 decanol droplets with a volume of 10 μL
each, scale bar 10mm. (B) Microscopic glass
slide with a size of 24× 24mm covered by
1mL of 35mM SDS solution, 10 droplets con-
sisting of a mixture of ES and parain (1 μL
each), scale bar 10mm.
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between the neighbouring droplets. This ring structure collapses into an
oscillating chain structure in stage III. Thereby, the droplets are con-
tinuously forming and deforming chains, resulting in an oscillation of
the whole structure.

3.2.2. D system on microscopic slides
Qualitatively similar behaviour is observed in the D system so that

we can deine four initial stages comparable to the ES system.
Additionally, because of the evaporation of water from the system, we
can observe two more stages, namely disintegration of the cluster and
separation of droplets (stage V) and shape changes of droplets (stage
VI). The duration of the individual stages (I)–(VI) depends on the initial
conditions and on the evaporation rate.
Fig. 3 shows an example of a typical image sequence from the be-

ginning of the experiment until the moment when water was evapo-
rated completely from the D system (see also Supplementary movie 1).
At the beginning the droplets were dispersed randomly (stage I). Then
they arranged regularly in a small square in the middle of the glass slide
(stage II). Few minutes after, the droplets entered into stage III and
exhibited a dynamical behaviour. Although they formed a single
cluster, they repelled and attracted each other in this group, they ex-
changed their positions and they did not remain static for a long time.
Such a behaviour is qualitatively comparable to stage (III) of the ES
system. Around 40min after the beginning of the experiment, the
droplets created a close-packed cluster and further kept their position in
this arrangement. The cluster was more or less static. The same beha-
viour is observed in the ES system as stage (IV). Around 3 h after the
beginning of an experiment, some droplets started to escape from the
cluster, they repelled each other and the cluster disintegrated (stage V).
Then the droplets started to change their shape – from round shaped
droplets to elongated worm-like structures. This process in the D system
is named stage (VI). The experiment was over when all water evapo-
rated from the system, i.e. approximately in 7.5 h. In the end the glass
slide was covered by the leftovers of non-volatile residues.
Although the groups of decanol droplets in the D system exhibit

interesting complex behaviour during the process of water evaporation
from their environment (stages I–VI), we further will focus just on the
stages IeIV of the process and compare the behaviour with low number
of droplets in the ES system.

3.3. Oscillatory behaviour of low number of droplets

Fig. 4A shows how a chain of six droplets in the ES system oscillated
as a cluster. At irst, a droplet at the centre of the chain was pushed out
of the chain (a–b). The droplet was then attracted by one chain end and
attached to it (c–d). Then another droplet at the centre of the chain was

pushed out of the chain and attracted by a chain end. This process re-
peated itself, so that the droplets looked to be juggled continuously.
This mode of motion could be seen both in shorter (5 droplets) and
longer chains (10–20 droplets). When the droplets form even larger
clusters, the motion becomes more complicated (see illustrative ex-
ample in Fig. 2).
Supplementary movie 2 shows the oscillatory phase in experiments

with 5×1 μL, 6× 1 μL and 7×1 μL droplets loating on 1000 μL of
10mM decanoate solution. We performed 10 repeated runs of each
experiment indicating a high reproducibility and also showing the si-
milarities in oscillation behaviour. Fig. 4B shows an example how
droplets exchanged their positions in the chain during the oscillatory
phase in the D system. Such rotations of triplets in the end of chain were
observed frequently and are very similar to the juggling of droplets in
the ES system.

3.4. Flow visualization by particle image velocimetry

In experiments aiming to observe the low structure in the decan-
oate solution luorescent polystyrene particles with a diameter of 7 μm
were suspended as PIV tracers. Then three 1 μL decanol droplets
(without any colorant) were placed by a Hamilton syringe on top of the
decanoate solution.
Fig. 5 shows PIV images at three diferent times in the experiment

with the D system. The irst image (A), corresponding to stage (II), was
taken at t= 6min, where the three droplets were widely separated
from each other (only one droplet is visible in the ield of view). A
radial low away from the decanol droplet can be observed in the luid
layer near the surface. This low is due to surface tension gradients
caused by the dissolution of a small amount of decanol from the dro-
plet, i.e. a solutal Marangoni low. For this system, a strong decrease of
surface tension with decanol concentration was measured in [12],
conirming the Marangoni efect as the origin of the low. Thereby, the
drop acts as a source of surface-active material so that the low is di-
rected to the surrounding regions with higher surface tension.
The second image (Fig. 5B) depicts two droplets during the transi-

tion to stage (III) at a time t= 20min. Here, the droplets repeatedly
approached each other and diverged again in the ield of view. Due to
the low number of droplets, no pronounced oscillations of a whole
cluster were obtained. However, the oscillatory movement of the dro-
plets also provides information on the cluster dynamics. The average of
the velocity magnitude over all PIV vectors in the ield of view is
plotted in Fig. 5(D) (blue diamonds) together with the distance between
both droplets (orange circles) in a time frame around 22min
(1320 s–1372 s). This graph indicates that the movement of the droplets
to and from each other is correlated to the magnitude of the Marangoni

Table 2
Comparison of continuous phase in D and ES systems.

D system ES system
Sodium decanoate Sodium dodecyl sulphate

Concentration 10mM 35mM [15], 28–69mM [24]
Surface tension 65mN/M for 10mM [12] 37.14mN/m for 70mM [9]
pH 11–12 7
Critical micelle concentration (CMC) 80–110mM [30] 8.08–8.2mM [31]

Fig. 2. Modes of droplets motion in the ES system of
N=50. (I) Random, intermittent motion. (II) Ring of
droplets where droplets vibrate between others. (III)
Characteristic cluster oscillation. (IV) Final static
crystal. The scale bar is 10mm [15].
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low. Note that the distance data (orange curve) is plotted inversely (see
second vertical axis) to make the visual comparison between both
curves easier: When the two droplets approach, the distance decreases
and the velocity increases, i.e. both curves rise. It can be seen from this
plot that the distance curve is leading (starts to rise and to decrease a bit
earlier). When the droplets approach each other, they act as a common,
larger source of surfactant. This enhances the surface tension diference
to the surrounding, resulting in a stronger Marangoni low. The same
efect can be noted by comparing the velocity ields at the diferent
stages in Fig. 5A–C, where the velocity magnitude likewise increases
with the cluster formation.
In the third velocity ield at t= 34min (see Fig. 5C), the three

droplets were clustered and stayed together for the rest of the recording
(another 10min) which is characteristic for stage (IV). Fig. 5E displays
the average velocity in the ield of view during a time span of 100 s
(2250 s–2350 s) where no pronounced motion of the droplets occurred.
The position of the droplets at 2250 and 2350s is almost identical.
Although only two droplets are captured in the ield of view at this
time, the static cluster of three droplets still is preserved as veriied by
visual inspection. This plot shows that the Marangoni velocity slightly
decreases with time since the system slowly approaches equilibrium.
The red dotted curve is smoothed (moving average over 10 s) to

illustrate this trend more clearly.
Even in this static cluster, the magnitude of convection is not con-

stant but prone to strong oscillations. Repeated decay and re-amplii-
cation is a known phenomenon of solutal Marangoni convection. It can
be caused by the re-distribution of adsorbed surfactant by the convec-
tion [32] or the temporary consumption of driving concentration gra-
dients by the local convective mixing [33]. Such efects can contribute
to the complex dynamics observed at the droplets.

4. Discussion

We have observed and compared intriguing phenomena in groups of
simple organic droplets in two diferent systems, namely time-depen-
dent spontaneous cluster formation of originally solitary distributed
droplets and their oscillatory behaviour. The two systems were com-
pared – decanol droplets in decanoate solution (D system) and ethyl
salicylate droplets mixed with parain in sodium dodecyl sulphate so-
lution (ES system). In both systems the surface tension forces are
comparable to gravitational forces because the Bond number is of the
order of one ( =Bo g L /2 =Bo gL /2 , where is the diference
in density of the two phases, g gravitational acceleration, L the char-
acteristic length, i.e. droplet diameter and surface tension). For 1 μL

Fig. 3. Modes of droplets motion in the D system of N=10. (I) Random motion. (II) Regularly ordered square of droplets. (III) Characteristic cluster oscillation. (IV)
Static crystal. (V) Cluster disintegration. (VI) Shape changes of decanol droplets. The scale bar is 10mm. (See Supplementary movie 1).

Fig. 4. (A) Dynamic states of a cluster con-
sisting of six ES droplets (the volume of each
droplet was 10 μL). The elapsed time from the
irst picture was: (a) 0 s, (b) 40 s, (c) 60 s, (d)
90 s, (e) 120 s, (f) 150 s, (g) 180 s, (h) 210 s, and
(i) 240 s. (B) Dynamic states of a cluster con-
sisting of six decanol droplets (the volume of
each droplet was 1 μL).
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decanol droplets in 10mM decanoate solution =Bo 0.66 and for 10 μL
ES droplets with liquid parain (70% w/w, density 1.04 g/mL) in
35mM SDS solution =Bo 1.03. These values of the Bond number re-
present the relative signiicance of the droplet weight to the surface
tension force showing that the surface forces signiicantly contribute to
the system state.
In both systems the same scenario was observed when many dro-

plets were placed onto the surface of an aqueous solution. At the be-
ginning of an experiment the droplets self-propelled, moved randomly
and repelled each other, no attraction was observed. This probably is
caused by the droplet dissolution and the formation of Marangoni lows
from each droplet. After a certain time, the droplets lost their motility
and, driven by gravitational force, approached the potential minimum
of the surface of the aqueous solution. However, they still repelled each
other and distributed in ordered structures with regular distances be-
tween them. Later on the droplets started to attract each other and
arranged in one cluster. Then the droplets entered into the dancing
phase when the dynamic oscillatory behaviour was observed. However,
after some time, the droplets formed one static cluster with a regular
hexagonal arrangement. The reason why the droplets switch between
these modes (repulsion vs. attraction) is not fully clear yet. We believe
that the changes of surface tension gradients followed by Marangoni
lows are involved in this process.
From the PIV measurements it is obvious that the Marangoni con-

vection inluences the droplet interaction. The radial low at two
neighbouring droplets leads to the formation of a stagnation point be-
tween both droplets where the luid velocity becomes zero as visible in
Fig. 5B. The resulting stagnation pressure causes a repulsion of the
droplets. While approaching the equilibrium, the surface tension

gradients in the region between the droplets and accordingly the
stagnation pressure caused by the Marangoni low are reduced. Due to
this, attractive interactions resulting from the height diference in the
luid layer due to the meniscus at the border or the capillary attraction
between the droplets (“Cheerios efect”) begin to dominate from stage
(III) to (IV).
The works on droplets frequently use various colourants for a better

visibility of the droplets. A question that recently appeared in some
papers [19,34] is if and how the dye afects the droplet behaviour. Thus
we also performed control experiments with colourless droplets. In the
D system the dye Oil red O only serves to increase the visibility of the
droplets in the camera records and has no inluence on the droplet
dynamics. This was veriied by repeated experiments without dye and
by measuring the surface tension of pure and coloured decanol and the
interfacial tension between pure and coloured decanol and decanoate
solution. No efect of Oil Red O was observed even when decanol was
saturated by the dye. On the other hand, in the ES system Oil Red O had
to be used in low concentrations (below 0.005wt%), because higher
concentrations of the dye afect the dynamics and slow down the dro-
plets motion.

5. Conclusions

In this paper two droplet systems were compared. We focused on
the behaviour of groups of organic droplets loating on aqueous solu-
tions of surfactants. Although these systems are diferent in several
parameters (chemical composition, physicochemical properties, con-
centration, size of the system, closed vs. open system, etc.), similar
dynamics were observed. The cluster oscillation resembling a dancing

Fig. 5. (A)–(C): PIV velocity ield (ield of view 2.6× 4.2mm) around decanol droplets in diferent stages: (A) stage (II) where one of the separated droplets is visible,
(B) transition to stage (III) with oscillatory movement of two droplets, (C) stage (IV) with a static cluster of three droplets. (D) Temporal evolution of mean velocity
magnitude (blue diamonds) over whole ield of view around two decanol droplets with changing distance (orange circles). (E) Temporal evolution of mean velocity
magnitude at a static cluster (blue curve) with moving average (red dotted curve) over 1 s. (For interpretation of the references to colour in this igure legend, the
reader is referred to the web version of this article.)
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performance is the most interesting stage that needs to be studied in
more detail in the future. We assume that an experimental model sys-
tems consisting of a large number of droplets can be the bridge between
mathematical simulations and experiments with living objects, when
the collective behaviour is studied. As an example we can mention that
the formation of groups and their disintegration in our droplet experi-
ments (stage III) correspond to patterns obtained in simulations of
friendship formation in human society [35]. Another example could be
the comparison of slime mould Dictyostelium clustering with the stage
IV of the droplet systems described in this paper. Dictyostelium is a
microorganism that under normal conditions consists of independent
single amoebas and under unfavourable conditions, these cells become
“social” and enter a multicellular developmental program [36]. Of
course, this comparison is just on a qualitative level, there is no im-
mediate analogy in the mechanism of clustering. Whereas in cell clus-
tering complicated intercellular communication and intracellular pro-
cesses are involved, the droplet clustering is based on physicochemical
principles. Note that there is an intrinsic diference between a group of
living beings and a group of liquid droplets. In the irst one, the in-
teractions are information-based, whereas in the second one, the in-
teractions are force-driven. Our future work will focus on a detailed
explanation of the observed phenomena and also on using such droplet
systems as an unconventional tool for collective behaviour studies.
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Biologically triggered liberation of sub-micron particles

from alginate microcapsules†

Jitka Čejková, Petra Haufová, Damian Gorný, Jaroslav Hanuš and Frantǐsek Štěpánek*

A new method for triggering the burst liberation of encapsulated sub-micron particles from carrier

particles using embedded microorganisms has been developed. Triggering mechanisms such as those

based on chemical, light, thermal, or magnetic stimuli are known, but man-made particles are not yet

able to replicate the concept of “dormancy” found in biological systems in the form of spores or seeds

that survive in an inactive state and start to grow only once favourable environmental conditions are

encountered. An engineered particle system that mimics this property by embedding viable yeast cells

into synthetically made alginate microcapsules is reported in the present work. Cell growth and division

is used as a triggering mechanism for stimuli-responsive release of the encapsulated content. The hybrid

living/artificial capsules were formed by an inkjet printing process and the mechanism of biologically

triggered release was shown using fluorescently labelled liposomes.

1 Introduction

The controlled release of active substances (e.g. drugs,

fragrances, probiotics, nutrient preservatives) from man-made

capsules is of considerable interest in many elds of science

and technology.1 A variety of chemical and physical methods

have been developed to release the capsule contents, cf. e.g. a

review by Esser-Kahn et al.2 The release triggers are frequently

based on mechanical, chemical, electrical, thermal, photo, or

magnetic stimuli. While these stimuli are well-dened in terms

of their timing and the threshold value of a physical quantity

that characterises each stimulus (e.g. voltage, temperature,

concentration, etc.), release triggers occurring in nature are

oen more complex and comprise the simultaneous occurrence

of several stimuli – for example, the combination of specic

temperature, humidity, light conditions and nutrients is

necessary for seed germination, etc.

The use of actual living microorganisms or their spores

offers itself as a possible way of achieving such complex triggers

even in synthetically made particles. To achieve this, a necessary

condition is the ability to fabricate composite microcapsules

that incorporate the chosenmicroorganism or its spores, and to

ensure their viability. In the specic case of yeast cell encap-

sulation into alginate gel, currently available encapsulation

techniques include microuidic approaches,3 electrostatic

droplet generation,4 spinning disk atomization5 or simply

dropping an alginate solution into CaCl2 using a syringe.6,7 At

present, the main reasons for microbial cell encapsulation into

various matrixes include cell protection from negative envi-

ronmental inuences such as shear forces, phagocytosis or

digestion. Immobilized microbial cells also can be handled

more easily and separated from a solution.8

In most current applications of immobilised cells, micro-

capsule rupture due to internal pressure of proliferating cells is

usually not of interest. In the case of cell-based biosensor

applications, the cell division and capsule disintegration would

be outright undesirable. Cases where the capsules rupture due

to CO2 formation when they are placed in a growth medium

have been reported9 and the surfactant Tween-20 has been used

to improve the permeability of the capsule for easier CO2

liberation.6 A silica coating can also enhance the mechanical

resistance of capsules.10 A case where the cell division is a

wanted process has been reported by Hamad et al.11 who

fabricated composite multi-cell/shellac microcapsules that

contained living yeast cells. Cell release from the microcapsule

aer incubation in a cultivation medium has been demon-

strated. However, to the best of our knowledge, the use of cell

growth as a trigger for the release of another active substance

also embedded within the carrier particle has not been reported

in the literature as yet.

The present paper describes the preparation of hybrid algi-

nate microcapsules capable of releasing an encapsulated

payload – uorescently labelled liposomes in this case – as a

result of rupture caused by proliferating cells. The schematic

structure and mechanism of action of the microcapsules is

shown in Fig. 1. Under unfavourable conditions (absence of

nutrients, low temperature) cell division does not occur and the

microcapsules are stable in aqueous medium for extended

periods of time without disintegration or release of their
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content. Once the microcapsules encounter favourable condi-

tions (presence of nutrients, higher temperature), cell division

and growth causes an eventual rupture of the alginate capsule

and release of the embedded liposomes. Additionally, magnetic

iron oxide nanoparticles were also embedded within the

composite microcapsules to facilitate their manipulation and

separation by a magnetic eld. Liposomes loaded with uo-

rescein represent a model “active” particulate substance that is

to be liberated from the composite microcapsules. Calcium

alginate hydrogel was chosen as the matrix material in which

the three types of internal components (yeast cells, liposomes,

magnetic nanoparticles) were embedded due to its ability to

form microcapsules by means of an inkjet printing process,

which has been demonstrated in our previous work.12,13

2 Materials and methods

2.1 Materials

Sodium alginate, calcium chloride (CaCl2), uorescein diacetate

(FDA), yeast extract and glucose were purchased from Sigma-

Aldrich. Instant yeast cells (Labeta a.s., Czech Republic) were

suspended in deionised water in various concentrations (1 mg

of dry powder corresponds to 3 � 107 cells). Hydrophilic iron

oxide nanoparticles were prepared according to a synthesis

method described in ref. 14. Fluorescently labelled liposomes

(molar ratio of DPPC : cholesterol was 2 : 1) were synthesized in

the same way as described in ref. 15. Deionised water was

produced using an ionex lter (Aqual 25).

2.2 Microcapsule formation

All microcapsules were produced by inkjet printing.16 A piezo-

electric drop-on-demand print-head type M5-ABP-01-80-6MX

supplied by Microfab, Inc. (Plano, Texas, USA) was used,

coupled with a control unit type JetDrive III and a pressure

controller type CT-PT-01 also supplied by Microfab, Inc. 2 ml of

aqueous solutions of 2% (w/w) sodium alginate and 2 ml of

aqueous suspension of yeast cells were mixed and printed into

approximately 50 ml of aqueous solution of 2% (w/w) CaCl2
where a rapid ionic cross-linking of the microdroplets occurred.

The receiving CaCl2 solution was constantly agitated to avoid

coalescence of microdroplets aer impact. To prepare magnetic

microcapsules, one half of the cell suspension was replaced by

citrate-stabilized iron oxide nanoparticle dispersion in water (15

mg ml�1). The solution for printing of magnetic capsules

containing liposomes was obtained from a sodium alginate

solution, the cell suspension, the iron oxide nanoparticle

solution and a liposome solution in the volume ratio 4 : 1 : 1 : 2.

Cross-linked calcium alginate microcapsules were separated

from the CaCl2 solution by using a lter or magnet and sus-

pended in deionized water in which they were stored at room

temperature until further use. In this state the composite

microcapsules were stable for up to 4 months without any

signicant loss of yeast cell viability.

2.3 Microcapsule characterization

The microcapsules were characterized by means of an inverted

optical microscope (Olympus CK40) and a laser scanning

confocal microscope – LSCM (Olympus Fluoview FV1000). The

particle size was evaluated by laser diffraction (Horiba Partica

LA 950/V2). The viability of yeast cells was conrmed by using

the standard uorescein diacetate solution method.

2.4 Yeast cell division and microcapsule disruption study

For a study of the cell division and disintegration of micro-

capsules, the composite microcapsules were placed into a Petri

dish containing a culture medium (consisting of glucose at a

concentration of 10 g l�1 and yeast extract at a concentration of

5 g l�1) and monitored using an optical microscope for 24

hours. The cell growth curves were measured by means of a

visible spectrophotometer (Specord 205 BU, Analytik Jena,

Germany); the wavelength used for the measurement of optical

density was 600 nm (OD 600).

3 Results and discussion

3.1 Microcapsule characterization

The drop-on-demand inkjet technology was used for the

formation of calcium alginate microcapsules with embedded

yeast cells by ejecting droplets of a sodium alginate precursor

into a pool of calcium chloride solution. The shape of the

formed microcapsules was mostly spherical, however, some of

them were distorted (attened) due to droplet deformation

upon landing into the CaCl2 solution.
5 Fig. 2(A) and (B) show the

composite alginate microcapsules with two different cell

concentrations; both spherical and attened capsules are

evident irrespective of the cell concentration used.

Fig. 1 Schematic principle of microcapsule rupture and liberation of an active

substance into the environment caused by yeast cell growth in the culture medium.

Fig. 2 Magnetic alginate microcapsules with various cell concentrations. Optical

microscopy images: (A) 2.25 � 108 cells per ml and (B) 3.75 � 108 cells per ml. (C)

Laser scanning confocal microscopy image (single slice in the x–y plane) of a 1

month old magnetic alginate microcapsule with 2.25 � 108 cells per ml labelled

by FDA. Scale bars represent 50 mm.
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The mean size of freshly precipitated capsules measured in

CaCl2 solution by means of static light scattering was 61 mm; in

water the mean size increased to 79 mm due to swelling of

calcium alginate. This is provoked by the relaxation of the

polymer network at the presence of osmotic pressure. Swelling

of the calcium alginate beads in water occurs until the osmotic

pressure equals the forces of the cross-linking bonds that

maintain the structure of the polymer network.17

The viability of yeast cells in the composite microcapsules

was conrmed by using uorescein diacetate (FDA).18 This col-

ourless compound exhibits no uorescence, however, it is

known that it diffuses through the cell membrane and living

cells are able to hydrolyse it by their enzymatic apparatus and

transform FDA into uorescein. Typically, 2 ml of microcapsule

suspension were incubated with a few droplets of FDA in

acetone for 20 minutes, then washed and observed under a

LSCM. By this test it was proven that the cells are able to retain

their viability during the inkjet printing process. Fig. 2(C) shows

a microcapsule aer one month of its fabrication and storage in

water that was incubated with FDA. The green spots correspond

to living cells, which conrms that the cell viability is preserved

for many weeks. The viability tests also excluded that the

magnetic iron oxide nanoparticles have a harmful effect on

yeast cells. Viable yeast cells clearly exist in the composite

microcapsules in the presence of inorganic nanoparticles.

3.2 Yeast cell growth in microcapsules

The hybrid microcapsules with embedded yeast cells were

stored in water for a few weeks and no microcapsule changes or

cell division in capsules was observed. Radical changes

occurred only aer incubation with a growth medium con-

taining yeast extract and glucose. For the preparation of the

culture medium we have used water instead of phosphate

buffer, which is normally used, due to the fact that the phos-

phate buffer would precipitate calcium ions and reverse the

alginate crosslinking.19

To observe the division of encapsulated yeast cells,

composite microcapsules were suspended in a Petri dish with

the growth medium and placed under a microscope at

laboratory temperature (�25 �C). Images in 1 minute intervals

were grabbed for at least 24 hours and compiled into a movie

(see ESI S1†). A series of experiments starting from capsules

containing different initial cell concentrations with and without

magnetic nanoparticles were performed. Typical results are

summarized in Fig. 3 and 4 for microcapsules containing iron

oxide nanoparticles and yeast cells at a concentration of 3.75 �

108 cells per ml.

Fig. 3 shows the evolution of microcapsule structure in time

under static conditions in a Petri dish with a cultivation

medium. During inkjet fabrication of the microcapsules, no cell

loss was observed and the cell number per microcapsule was

therefore determined by the cell concentration in the initial

alginate solution. Time t ¼ 0 h corresponds to the moment of

placing microcapsules into the cultivation medium. About two

hours aer incubation, rst buds on the cells appeared but no

extensive budding was observed yet. Around the time t ¼ 7 h,

the cell division was highly developed and around t ¼ 15 h the

alginate microcapsules were almost full of cells. At time t¼ 18 h

the rst ruptures of the composite microcapsules started. Due

to the extensive cell division all microcapsules eventually dis-

integrated and essentially no original round microcapsules

were evident at time t ¼ 24 h. Only clusters of yeast cells were

present in the Petri dish.

The growth kinetics was also evaluated by using visible

spectrophotometry, when the growth curves of cells in alginate

Fig. 3 Yeast cell division in alginate microcapsules incubated in a Petri dish with culture medium. The initial concentration of yeast cells in the microcapsules was 3.75

� 108 cells per ml. Scale bar represents 100 mm.

Fig. 4 Growth curves of yeast cells in the microcapsules (initial concentration

3.75 � 108 cells per ml) for various concentrations of microcapsules in the growth

medium. The curves correspond to different microcapsule dilutions as indicated in

the legend.
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microcapsules were measured as a function of optical density at

the wavelength of 600 nm. These two types of experiments differ

in conditions. Observation by microscope was under static

conditions without any mixing whereas microcapsules in the

spectrophotometer cuvettes were intensively stirred using a

magnetic stirrer in order to keep them suspended. Mixing

might affect the microcapsule disintegration, therefore the

capsules in cuvettes disintegrate somewhat earlier than on the

Petri dishes.

Fig. 4 shows the changes in optical density of microcapsule

suspension at 600 nm. During the rst few hours no changes

were evident, because yeast cells were still in the lag phase of

their growth, they adapted themselves to the growth conditions

and rarely divided. At about t ¼ 7 h, the cells entered into the

exponential growth phase and at about t ¼ 12 h since the

addition of nutrients the microcapsules ruptured. Despite

mixing, the measured absorbance started to uctuate at this

stage. Nevertheless, a continuous increase of absorbance is

evident until approximately t ¼ 24 h, which indicates

continuing cell division. Aer the time t ¼ 24 h, the absorbance

no longer increased as the cells entered into the stationary

phase due to lack of nutrients.

To conrm that the disruption of alginate microcapsules

was caused solely by the growth of encapsulated yeast cells, a

blind experiment was performed. When alginate microcap-

sules without yeast cells were prepared and placed into the

growth medium, no decomposition of the microcapsules was

observed. Such a blind experiment excluded the growth

medium as a possible factor causing the microcapsule rupture

and conrmed the role of the dividing cells. To exclude

the effect of yeast cells and the presence of their metabolites

on the decomposition of alginate microcapsules, another

blind experiment was performed. Alginate microparticles

without embedded yeast were placed into a growth medium

together with freely suspended yeast cells. Again, no micro-

capsule disintegration was observed, the cells have grown

outside the microcapsules and did not affect the alginate

integrity.

3.3 Mimicking spore behaviour

To demonstrate the concept of “articial spores” or “articial

seeds”, additional experiments with switching between favour-

able/unfavourable conditions and drying of microcapsules were

performed. In biology, a spore is dened as a reproductive

structure that is adapted for dispersion and survival for

extended periods of time under unfavourable conditions. Once

conditions are favourable, spores can develop into new organ-

isms. The activators of such a transformation from a spore to a

cell could be e.g. nutrients, temperature, pH, or combination of

these parameters. The interesting property of this trans-

formation is that once the conditions are suitable for germi-

nation, the spores enter a lag phase and activate specic genes

that trigger signal pathways leading to swelling and cell emer-

gence. Once a spore has swollen, germination becomes irre-

versible, but during the lag phase activated spores can return to

dormancy.20

The experiment mimicking the spore response to changes in

conditions was performed in a spectrophotometer equipped

with heating/cooling facility. The growth curves were measured

and temperature changes applied. The experiment started

under unfavourable conditions, where microcapsules were

stored in water (without nutrients). The rst change consisted

of placing the capsules in the culture medium at a temperature

of 30 �C (corresponding to time t ¼ 0 h in the growth curves in

Fig. 5). For the rst few hours the yeast cells embedded in the

microcapsules were still dormant. Once they entered the expo-

nential phase of their growth, the temperature was rapidly

decreased to 8 �C. Such a temperature shock stopped the cell

growth, resulting in a return to dormancy. During this time no

change of optical density was observed, corresponding to no

division of cells. When the temperature was increased back to

30 �C, rapid cell growth was restarted and the next temperature

decrease again caused an interruption of cell division. An

example of three repetitions of heating/cooling is shown in

Fig. 5(A). Fig. 5(B) shows the possibility to “freeze” the cell

growth in microcapsule for almost two days and then restart

growth by a return to favourable conditions.

3.4 Cell growth triggered liberation of active substances

from microcapsules

As was shown above, composite microcapsules are stable in

water, whereas aer cultivation in a growth medium they are

able to disintegrate. To demonstrate that capsule disintegration

can be used for the release of a previously encapsulated payload,

the liberation of uorescently labelled liposomes was observed

using a laser scanning confocal microscope. Fig. 6(A) shows the

composite particles directly aer their fabrication. The uo-

rescence signal is obtained only in the microcapsules, which

conrms the presence of liposomes. In Fig. 6(B), the same

microcapsules were imaged one day aer fabrication and

storage in pure water. Again, the uorescence signal comes only

from microcapsules, no liberation of liposomes from micro-

capsules occurred. On the other hand, Fig. 6(C) conrms that

aer cultivation of the microcapsules in a growth medium, the

cells divide and cause the rupture of capsules, liberating the

encapsulated substances into the surroundings. Aer one day

Fig. 5 Control of yeast growth by temperature modulation (interruption of

growth by temperature decrease and resumption of growth by temperature

increase). (A) Three interruptions of cell growth at times 11–16 h, 20–25 h, and

35–40 h. (B) One cell growth interruption for almost two days (8–48 h).
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of incubation in culture medium no compact microcapsules

were present, only clusters of cells were evident and the uo-

rescence signal was detectable from the whole medium in a

diluted way because the liposomes were released during the

microcapsule disintegration. Microcapsule disintegration

appears to be a “binary” event in the sense that partial rupture

was rarely observed; once a microcapsule ruptured, it did so

completely and the uorescent signal from liberated liposomes

was present uniformly in the background rather than clustered

as would be the case if, e.g., some partially ruptured micro-

capsules prevailed in the system.

Having established that the liposome release by capsule

rupture can be triggered by the cell division, the possibility to

control the timing of rupture by the initial concentration of cells

in the microcapsules was investigated. Three batches of

microcapsules were prepared, with initial cell concentrations of

40–60 cells per particle, 10–20 cells per particle, and 3–6 cells

per particle (obtained by dilutions of the initial yeast cell

suspension in the alginate solution). The microcapsules were

placed into a culture medium under favourable growth condi-

tions and recorded in time. Once the microcapsules started to

rupture, the percentage of fractured capsules as a function of

time was evaluated by image analysis. The results are sum-

marised in Fig. 7 and the obtained dependence of the fraction of

ruptured particles as a function of time was tted by a sigmoidal

function of the form

f(t) ¼ 1/[1 + exp(�b(t � tm))] (1)

where tm is the mean rupture time and b is a rate constant. The

values of b and tm evaluated by non-linear regression of the data

plotted in Fig. 7 are summarised in Table 1. As can be seen from

both the gure and the table, there is a systematic dependence

of the rupture time on the initial cell concentration, which

offers the possibility to control the timing of the release.

4 Conclusions

Composite hydrogel microcapsules with embedded yeast cells

that can act as a biological trigger for controlled opening of the

microcapsules and locally liberate sub-micrometer objects have

been fabricated. Additionally, magnetic nanoparticles were

added into the microcapsules to enable manipulation by an

external magnetic eld. The composite capsules were stable in

aqueous media for up to several months and retained their

viability. Once favourable conditions were encountered – i.e. the

presence of nutrients and a suitable temperature – the prolifer-

ation of yeast cells within the microcapsule leads to its eventual

disintegration and the liberation of other embedded objects,

namely uorescently labelled liposomes. It has been shown that

the biologically triggered release can be used not only for a one-

off rupture of the microcapsules, but also for a repeated inter-

ruption and ‘restart’ of the growth processes due to variations in

external conditions. This behaviour contrasts with that of tradi-

tional man-made triggered release systems where irreversible

processes tend to dominate. Systems based on biologically trig-

gered release could nd applications in elds such as controlled

release of bactericides or fungicides, or the detection of potential

food contamination due to inappropriate storage conditions. The

principle of biologically triggered release can potentially be

applied using other microorganisms than yeast cells, which

Fig. 6 Alginate microcapsules with fluorescently labelled liposomes. (A) Freshly

prepared microcapsules in water. (B) Microcapsules after one day in water. (C)

Disintegrated microcapsules after one day of incubation in a culture medium.

(Left column – optical image, middle column – fluorescence signal, right column –

superposition of both signals. The scale bar represents 100 mm.)

Fig. 7 Time of rupture of microparticles containing (A) 40–60, (B) 10–20 and (C)

3–6 cells per particle.

Table 1 Values of regression parameters from eqn (1) for three different cell

concentrations in the microcapsules

Sample b [h�1] tm [h]

A 1.38 � 0.27 7.05 � 0.24

B 0.72 � 0.07 31.46 � 0.13

C 0.25 � 0.01 137.15 � 0.18
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would offer exibility in the range of environmental conditions

under which the composite capsules can operate, and also in the

range of particle sizes (obviously, the initial particle must be large

enough to contain at least several cells, as well as space for the

payload that is to be liberated).
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Interface Sci., 2013, 394, 380–385.
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Abstract The ability to simulate the 3D structure of a

human body is essential to increase the efficiency of drug

development. In vivo conditions are significantly different

in comparison to in vitro conditions. A standardly used cell

monolayer on tissue culture plastic (2D cell culture) is not

sufficient to simulate the transfer phenomena occurring in

living organisms, therefore, cell growth in a 3D space is

desired. Drug absorption, distribution, metabolism, excre-

tion and toxicity could be tested on 3D cell aggregates

called spheroids, decrease the use of animal models and

accelerate the drug development. In this work, the forma-

tion of spheroids from HT-29 human colorectal adenocar-

cinoma cells was successfully achieved by means of the so-

called liquid marbles, which are liquid droplets encapsu-

lated by a hydrophobic powder. During the cultivation in

the medium inside the liquid marbles, cells spontaneously

formed spherical agglomerates (spheroids) without the

need of any supporting scaffold. The study focused on the

influence of different parameters—namely liquid marble

volume, seeding cell density and time of cultivation—on

the final yield and quality of spheroids. This work has

shown that using liquid marbles as microbioreactors is a

suitable method for the cultivation of HT-29 cells in the

form of spheroids.

Keywords Liquid marble � HT-29 � Spheroid �

Microbioreactor

Introduction

Liquid marble is a droplet of fluid encapsulated by a

hydrophobic powder. The particles spontaneously cover

the droplet surface. Due to the hydrophobicity of its shell, a

liquid marble could be rolled on a solid surface as a glass

sphere and also it could be deformed as a foam ball

(Eshtiaghi and Hapgood 2012). Although the term liquid

marble was used for the first time by Aussillous and Quéré

in Nature in 2001, liquid marbles could be found in nature

since ages, e.g. the first rain droplet is spontaneously

covered with solid soil particles after long drought (Aus-

sillous and Quere 2001). Another example of liquid mar-

bles in nature is aphids and their honeydew droplets

covered by powdery wax (Pike et al. 2002). Preparation of

liquid marbles is very simple—a small amount of liquid (in

the order of tens or hundreds of microliters) is rolled on a

layer of hydrophobic powder consisting of tiny particles,

which spread spontaneously at the liquid–air interface

(Fig. 1). Prepared liquid marbles have some of the prop-

erties of a liquid droplet and they also behave as a soft solid

(Aussillous and Quéré 2006). During rolling on a surface,

liquid marble does not lose any amount of liquid content. It

is possible to roll a liquid marble on solid surfaces, it can

even float on water or another liquid surface. Liquid mar-

bles behave as deformable spheres as they move. Due to

their properties, liquid marbles could find application in

several fields, for example as gas sensors (Tian et al. 2010),
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microreactors or bioreactors for cell cultivation. One of the

first biological applications of liquid marbles was blood

testing, specifically human blood typing (Arbatan et al.

2012b). Using of liquid marbles as microreactors for blood

testing or other biological applications has many advan-

tages. First of all, a small amount of samples and reagents

is needed. Then biohazard risk is also reduced, because

liquid core is separated from environment by a powder

shell. Moreover, controlling or adding some reagent is easy

and can be done by coalescence of two marbles or by a

syringe injection.

In the beginningof a drug testing, first biological studies are

done in vitro on 2D cell cultures that frequently determine the

initial but crucial ‘stop/go’ decisions on the progression of the

development of a drug. But 2D cell cultures are a very sim-

plistic approximation of a biological system. They neglect

spatial organization. In 2D, cells are exposed on one side to

hard plastic and on the other side to fluid environment with

limited cell–cell contact. In vivo, cells are surroundedby other

cells and extracellular matrix. Cell–cell and cell-extracellular

matrix interactions play a crucial role in a cell life. They

influence not only cell proliferation, apoptosis, migration,

communication and gene expression but also diffusion of

nutrients, respiratory gases or drugs (Campbell et al. 1985;

DiPersio et al. 1991). On the opposite end of experimental

systems are animal models. Their disadvantages are that they

are very expensive, time-consuming, raise ethical questions

and also they are just another models of a human body.

Moreover, it can be difficult to study some processes in such

complex systems. As a result, 3D cell cultures are currently

being developed to provide cells with a third dimension to

better mimic in vivo microenvironment.

Due to the increasing popularity of 3D cell culture

approach, more and more methods are being developed for

their preparation. In general, there are two main types of

3D cell cultures: scaffold-based cultures and scaffold-free

cultures. Materials used for scaffold fabrication have to be

biocompatible, bioadhesive and sometimes even

biodegradable when applied in regenerative medicine. On

one hand, scaffolds provide physical support to cells for

their proliferation and differentiation. Porous scaffolds

allow nutrients, oxygen and drugs to reach cells and also

waste from cells can be withdrawn from the cell environ-

ment. On the other hand, scaffolds represent foreign ele-

ments in 3D cell cultures and their microstructure

(porosity, pore size, pore shape and interconnectivity) and

mechanical properties can modulate cell behaviour (Yeung

et al. 2005; Harley et al. 2008). In the scaffold-free

approach, a 3D cell culture grows without any support into

clusters of spherical shape called spheroids. This type of

3D cell culture is mostly used in studies of solid tumour

behaviour. The reason for this is that like in the solid

tumours, a necrotic core is developed inside spheroids with

their increasing size. In bigger spheroids (200 lm) there is

a limited diffusion of nutrients and oxygen into the core

and cells start to die (Curcio et al. 2007). Moreover, when

they reach certain size above 500 lm they can contain

necrotic core which is characteristic for many tumours due

to poor vascularization of tumour tissue (Alvarez-Pérez

et al. 2005; Fennema et al. 2013). Spheroids have, there-

fore, a great potential to speed up a drug development

process and also to decrease the number of animals used

for drug testing. During cell cultivation, spherical

agglomerates (spheroids) are formed in the liquid core of

marbles without any support (Fig. 2). Spheroids, as a type

of 3D cell cultures, represent a bridge between simplistic

in vitro 2D cell cultures and in vivo animal models. Due to

the addition of a third dimension, they simulate conditions

in a biological system more accurately than 2D cell cul-

tures in the form of a cell monolayer.

Liquid marbles were used as microbioreactors for cell

cultivation or oocyte in vitro maturation in small volumes

(Ledda et al. 2016). Embryonic bodies were prepared in

liquid marbles during cultivation of embryonic stem cells

Fig. 1 a–c Scheme of liquid marble preparation process.

d Scheme of liquid marble on a solid substrate. e Scheme of liquid

marble floating on a water surface. f Photograph of liquid marble

(100 ll of water covered by lycopodium grains). Scale bar corre-

sponds to 5 mm. g Photograph of liquid marble from f floating on a

water surface

Fig. 2 Spheroid cultivation in a liquid marble
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which are key in regenerative medicine (Sarvi et al. 2013).

Liquid marbles were also used for the cultivation of mur-

ine-derived embryonic stem cells (Oct4b2) and the cell

development was monitored by optical-fluorescent micro-

scope due to the expression of oct4-green fluorescent

protein (Oct4-GFP). The research was focused on the

quality of embryonic bodies by changing parameters, such

as the volume of encapsulated medium or cell density

(Sarvi et al. 2015). Cell line Hep G2 (hepatocellular car-

cinoma) was cultivated inside liquid marble, which

encouraged the formation of 3D cell structure (Arbatan

et al. 2012a). In addition, floating liquid marbles were used

for the cultivation of olfactory ensheathing cells (OECs)

which have potential for repairing paralysed spinal cord

(Vadivelu et al. 2015).

In 2012, the third most common worldwide cancer was

colorectal cancer with nearly 1.4 million new patients.

Moreover, according to prognosis in 2035 this number will

be almost doubled (Ferlay et al. 2015). HT-29 is a human

colorectal adenocarcinoma cell line that express carbonic

anhydrase IX (CA IX) antigen, a very promising thera-

peutic marker. In a healthy human body, expression of this

antigen is strictly restricted to gastrointestinal tract, but its

overexpression and increased activity was observed in

many types of hypoxic tumors (Pastorekova et al. 1997;

Robertson et al. 2004). Moreover, CA IX can be targeted

by monoclonal IgG M75 antibody (Zavada et al. 2000).

This system is called active targeting and can be used for

cancer targeted drug delivery systems (McDonald et al.

2012).

Cultivation of HT-29 colorectal carcinoma cell line in

the form of spheroids in liquid marbles is described for the

first time in this paper. Parameters, such as the volume of

liquid marbles, number of inoculated cells and cultivation

time, were studied to determine optimal conditions for

spheroid cultivation and their harvest.

Experimental

Materials

HT-29 human colon adenocarcinoma cell line (ATCC�

HTB-38TM) was obtained from the American Type Culture

Collection (ATCC). Polytetrafluoroethylene particles

(PTFE; 35 lm), Dulbecco’s Modified Eagle’s Medium

(DMEM) D6429, foetal bovine serum (FBS) F0804,

antibiotic antimycotic solution (A/A) A5955 and Trypan

Blue solution T8154 were all purchased from Sigma-

Aldrich. Phosphate buffer solution (PBS), 0.02% EDTA

solution in PBS and 0.5% trypsin solution in PBS were

purchased from the Institute of Molecular Genetics of the

ASCR, v.v.i.

Cell cultivation

HT-29 cell line was cultivated in DMEM medium sup-

plemented with 10% FBS and 1% A/A. Before the prepa-

ration of liquid marbles, cells were incubated in 5% CO2

atmosphere at 37 �C until 70–80% confluency.

Liquid marble preparation

Preparation of liquid marbles involved several steps

(Fig. 3). First, a layer of PTFE powder was prepared. Then

a liquid droplet (suspension of the growth medium with

cells) was dropped onto this layer. By gentle shaking par-

ticles covered the surface of the aqueous droplet and a

liquid marble was formed. The prepared liquid marble was

transported into an incubator. During the incubation,

spheroids were formed inside the liquid marble.

Various volumes of cell suspensions and various initial

concentrations of cells were tested. Table 1 summarizes

these parameters. For better orientation in this paper we

decided to use a terminology as follows. We marked our

samples by two numbers. The first belongs to the volume of

liquid marble in ll and the second to the number of inoc-

ulated cells in thousands of cells. For example, sample

300/40 means that the liquid marble had the volume of

300 ll and 40,000 cells were inoculated into one marble.

Spheroid harvest

The liquid marbles with encapsulated cells were incubated

up to several days and then the formed spheroids were

harvested. For spheroid analysis, spheroids had to be

removed from the liquid marble. To remove all cells from

the liquid marble, the liquid marbles had to be washed

three times with PBS. A spheroid pellet was obtained by

centrifugation for 3 min at 250 rpm.

Cell proliferation in liquid marbles

In cell proliferation study, standard procedure of

trypsinization was used to obtain single cells from the

spheroids. The time of the trypsinization was typically

15–30 min depending on the size and the amount of

spheroids. The number of cells was calculated using a

hemocytometer (Improved Neubauer, Hausser Scientific).

The cell viability was determined by the Trypane Blue

staining method.

Liquid marble and spheroid characterization

Optical microscope (Olympus CK40) was used for cap-

turing images of the formed spheroids. The static images of

liquid marbles were captured by a digital camera (Olympus

Chem. Pap. (2017) 71:1055–1063 1057
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E-620). Dynamic images were observed with a camera

(PixeLINK PL-A662) with time-lapse setting. NIS-Ele-

ments imaging software (Laboratory Imaging s r.o., Czech

Republic) was then applied for the determination of

spheroid number and spheroid parameters (diameter and

shape). Only spheroids with a diameter larger than 50 lm

were considered (for comparison, the typical diameter of a

single HT-29 cell is 14 lm). Spheroid size distributions

were evaluated.

Results and discussion

Liquid marble preparation

The first step of this work was to find out optimal condi-

tions for the preparation of liquid marbles that could serve

as microbioreactors for cell encapsulation and spheroid

cultivation. Therefore, initial experiments were performed

without the presence of any cells to find out how to prepare

stable liquid marbles with a lifespan of days.

Several powders were tested as a possible coating

material for liquid marbles. Soil grains, lycopodium grains,

Fig. 3 Liquid marble preparation. a Petri dish with PTFE powder.

b Dropping of liquid medium onto the layer of PTFE powder.

c Gentle shaking with the dish. d Liquid marble covered by PTFE

powder. e Transportation of the liquid marble by a spoon to another

Petri dish. f Two prepared liquid marbles

Table 1 Summary of liquid marble samples for spheroid cultivation

Sample Liquid marble

volume/(ll)

Number of cells in

one liquid marble

Concentration of

inoculate/

(cells ll-1)

10/1 10 1000 100

10/10 10 10,000 1000

50/1 50 1000 20

50/10 50 10,000 200

100/1 100 1000 10

100/10 100 10,000 100

300/10 300 10,000 33

300/40 300 40,000 133
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graphite powder and polytetrafluorethylene (PTFE) powder

(the mean particle size of 35 lm) were used for the

encapsulation of the liquid growth medium. In accordance

with our expectations, the most suitable coating material

was the hydrophobic PTFE powder. PTFE powder with the

particle size of 35 lm was chosen also by Sarvi et al.

(2013) in their study. They were testing two types of PTFE

powders (the particle size of 35 and 100 lm) for embry-

onic spheroid cultivation. They observed that in compar-

ison with a liquid marble shell consisting of 100 lm

particles, a shell consisting of 35 lm particles was less

adhesive and encouraged cells to form more uniform and

compact spheroids.

Cell proliferation in liquid marbles

To determine suitable conditions for spheroid cultivation,

liquid marbles of different volumes and with different

numbers of inoculated cells were prepared and the number

of viable cells was studied during the cultivation (Fig. 4a).

Liquid marble nomenclature based on the ratio of liquid

marble size and the number of cells in the time of inocu-

lation (as described in the ‘‘Experimental’’ section) will be

used in the following text. Let us note that the ratios

(sample names) show rounded numbers, real values are

summarized in Table 2. This table also contains informa-

tion about inoculation cell density [C0 (cells ll-1)], max-

imal cell density [Cmax (cells ll-1)] and the ratio of

maximal cell density to inoculation cell density (R = Cmax/

C0).

Aim of this proliferation study was to determine the

most suitable day for a spheroid harvest. We decided that it

would be a day when the number of viable cells in a liquid

marble would reach its maximum. Therefore, measure-

ments of cell viability were stopped after a growth curve

maximum was reached. Data of cell viability from Table 2

were obtained from three separate liquid marbles. Liquid

marbles with the same numbers of inoculated cells were

compared (10/10, 50/10 and 100/10). On the 3rd day of the

cultivation, cell numbers were almost the same,

(17,300 ± 3800, 19,800 ± 3500 and 18,300 ± 2300), but

measurements on the 7th day proved that the smaller liquid

marbles could not supply cells with enough nutrients. In the

sample 10/10, the number of cells declined on

7100 ± 3900. These results proved our expectations that

larger liquid marbles could supply cells with more nutrients

for longer time.

To obtain information about the dynamics of cell

growth, the data were plotted in a graph (Fig. 4b), where

all numbers of cells were divided by the number of inoc-

ulated cells. Due to sufficient medium supply, the highest

number of cultivated cells in a single liquid marble, which

was almost 3.6 9 105 cells, was obtained in the biggest

liquid marble (300/40, Fig. 4a). However, the highest

proliferation rate was observed in the sample 50/1, which

was 38 times higher than the original number (Fig. 4b).

This acceleration was achieved due to the lowest inocula-

tion cell density (12 cells ll-1), but in comparison with

other cases, the maximum cell number was just

23,000 ± 6000 cells per liquid marble. The highest cell

density, 1928 cells ll-1, was found in the case 100/10

(Cmax in Table 2). The lowest growth rate and the total

number of cells were observed in samples with the smallest

volume (10/1 and 10/10). Due to the lack of nutrients, cells

did not proliferate as much as in the other cases, and their

growth reached the maximum on the 3rd day.

Fig. 4 a Number of viable cells encapsulated inside a liquid marble during the cultivation. b Proliferation rate of cells inside a liquid marble

during the cultivation
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It was concluded that samples 50/10, 100/10 and 300/40

were the most suitable candidates to be bioreactors for

spheroid cultivation, because they had the highest number

of viable cells from all tested samples and high growth

rates at the same time. Although sample 50/1 had the

highest growth rate, the cell density during the cultivation

was still low in comparison with the other cases. We

anticipated that the higher the number of viable cells was,

the higher the spheroid harvest could be. Therefore, the

most suitable day for harvesting of spheroids is at the curve

maximum, it means the 3rd day for the samples 10/1 and

10/10, the 7th day for the samples 50/1, 50/10 and 100/10

and the 10th day for the sample 300/40.

Spheroid characterization

The proliferation study discussed above focused only on

the total numbers of viable cells present in liquid marbles.

Results from this study did not say anything about spheroid

development, their amount at the time of harvest or about

their parameters, such as shape or size distribution. How-

ever, this information is essential for further spheroid

applications. To better understand spheroid development,

100/10 liquid marbles were prepared and the growth of

spheroids was observed at different times (2, 4.5 and 24 h

and then 3 and 8 days after inoculation) under an optical

microscope (Fig. 5).

The first observation of a liquid marble content was

done 2 h after the inoculation (Fig. 5a). At this time, the

cells were still separated in the suspension. The second

monitoring was performed 4.5 h after the inoculation,

when few small clusters consisting of several cells were

already formed (Fig. 5b).

24 h after the inoculation, the cells formed clusters

consisting of a few tens of cells, but their shape was non-

spherical and non-uniform (Fig. 5c). Clusters with almost

spherical shape were harvested on the 3rd day of cultivation

(Fig. 5d). The aggregates seemed almost ready for the

harvest, but they were not stable. During the manipulation,

we had to treat them very carefully to prevent their breakage.

The final harvest was made on the 8th day after the

inoculation (Fig. 5e). Spheroids were nicely spherical and

stable due to the building of a strong extracellular matrix

and only few single cells were observed in the suspension.

According to our findings about the number of viable

cells inside the liquid marbles and the spheroid develop-

ment in time, we have chosen the 8th day of cultivation as

the optimal one for harvesting of spheroids from the liquid

marbles. Figure 5 provides qualitative information about

the formed spheroids. The size distribution of the formed

spheroids can be found in Fig. 6.

Figure 6 compares the number of harvested spheroids at

the 8th day after inoculation obtained from different typesT
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of liquid marbles (various volumes of liquid marbles and

numbers of inoculated cells). For every type of a liquid

marble, four liquid marbles were analysed. This graph

represents the size distribution according to the number of

spheroids in each category. In this representation the

highest harvest from one liquid marble (it means the total

number of spheroids in the size range of 50–300 lm) was

obtained from the largest liquid marbles, such as 300/40 or

300/10, but also 100/10 had a large harvest. In the rest of

the samples, there was a visibly smaller yield. These results

are in accordance with our observations from the cell

proliferation study, where the samples 300/40 and 100/10

contained much more cells than the rest of the samples

around the 8th day of the cultivation. Intuitively, a larger

number of cells should form a larger number of spheroids.

Sarvi et al. (2013) came to the same conclusion. They

studied the influence of cell seeding number on the

embryonic spheroid formation while keeping the size of

liquid marbles constant (300 ll) and found out that the

highest number of inoculated cells (20,000 cells) led to the

formation of the highest number of spheroids.

The primary results from image analysis are based on

number distributions (Fig. 6). Figure 7 shows the volume

fraction of spheroids in each size category. If we look at the

number distributions, we can see that in all samples almost

50% of all spheroids inside the liquid marble represent

spheroids with the size of 50–100 lm. Nevertheless, from

the volume distribution we can see that the largest peaks

represent spheroids larger than 300 lm. Assuming constant

density of all cells, the graph in Fig. 7 represents also the

mass distribution. It tells us that the majority of cells inside

the liquid marbles are part of large spheroids. This phe-

nomenon was mainly pronounced in the case of the 10/10

samples, where most of the cells aggregated into one big

spheroid.

Although the largest liquid marbles (300 ll) contained

the highest number of spheroids, during manipulation or

cultivation many marbles broke. A crack, shown in Fig. 8a,

Fig. 5 Optical microscope images of a content of 100/10 liquid marbles a 2 h, b 4.5 h, c 1 day, d 3 days and e 7 days after inoculation. Scale

bars represent 50 lm (in a–d) and 100 lm (in e)

Fig. 6 Comparison of

harvested spheroids obtained

8 days after inoculation from

different types of liquid

marbles. Spheroid size

distribution according to

number
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could lead to the collapse of a liquid marble. Manipulation

with a smaller volume was easier. Another disadvantage of

large marbles was that non-spherical agglomerates were

formed inside them, as shown in Fig. 8b. This huge cluster

was made due to the flat bottom of a liquid marble, and

thus cells behaved more similarly to a conventional 2D cell

culture. In liquid marbles with a smaller volume, agglom-

erates with non-spherical shape were not observed.

Conclusions

The cultivation of HT-29 colorectal carcinoma cell line in

the form of spheroids (cell agglomerates) inside liquid

marbles was presented for the first time in this study. To

determine optimal conditions for spheroid formation, dif-

ferent types of liquid marbles were prepared and parame-

ters, such as the number of viable cells, the proliferation

rate, the number of spheroids and the spheroid size distri-

bution, were determined during the cultivation. Due to

easier manipulation and high spheroid harvest, liquid

marbles of the volume of 100 ll and with 10,000 inocu-

lated cells were chosen as the most suitable ones for

spheroid cultivation. However, the most predictable har-

vest of spheroids was reached when liquid marbles of the

volume of 10 ll with 10,000 inoculated cells were used for

spheroid growth. In this case, most of the cells formed one

big spheroid. The main challenges for further spheroid

studies will be the preparation of spheroids with a uniform

size and co-cultivation of two cell lines in the form of

spheroids inside liquid marbles.
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