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Tactic, reactive, and functional droplets outside of
equilibrium†
Sławomir Lach, Seok Min Yoon and Bartosz A. Grzybowski*
Under non-equilibrium conditions, liquid droplets coupled to their environment by sustained flows of
matter and/or energy can become ‘‘active’’ systems capable of various life-like functions. When ‘‘fueled’’
by even simple chemical reactions, such droplets can become tactic and can perform ‘‘intelligent’’ tasks
such as maze solving. With more complex chemistries, droplets can support basic forms of metabolism,
grow, self-replicate, and exhibit evolutionary changes akin to biological cells. There are also first exciting
examples of active droplets connected into larger, tissue-like systems supporting droplet-to-droplet
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communication, and giving rise to collective material properties. As practical applications of droplets
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also begin to appear (e.g., in single-cell diagnostics, new methods of electricity generation, optofluidics,
or sensors), it appears timely to review and systematize progress in this highly interdisciplinary area of
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chemical research, and also think about the avenues (and the roadblocks) for future work.

Introduction
A droplet of liquid is significantly more complex than the bulkliquid phase. Even in pure-liquid droplets, where the constituent
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molecules are all of the same type and are free to change their
positions and neighbors, there are two fundamentally distinct
liquid ‘‘regions’’: the ‘‘inner’’ one exhibiting bulk liquid properties,
and the ‘‘outer’’ one responsible for surface properties. Of
the latter, surface tension is probably the most familiar and
important – it originates from the directional imbalance of
cohesive forces experienced by the surface molecules (Fig. 1a)
and effectively drives the droplet to an equilibrium state minimizing surface area. When surfactants – nonionic,1–4 anionic,5,6
cationic,7,8 or amphoteric9,10 – are added, they pack tightly at the
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droplet’s surface and lower its surface tension, as in detergents,
wetting and foaming agents, emulsifiers or dispersants. Although
surfactant-coated micelles or vesicles can have various nonspherical and often quite intricate shapes11–13 (Fig. 1b), their
properties are well understood based on equilibrium thermodynamics. On the other hand, significantly less is known about
properties of droplets in which the interfacial region and the
bulk phases (inside or outside of the droplet) are coupled
by directional transport of mass and/or energy. Under such
circumstances, the droplets become non-equilibrium entities,
in principle capable of dynamic functions not to be observed
at equilibrium. Thinking of what such functions might be,
it is perhaps instructive to look at living cells. When alive, they
can communicate with the outside world to exhibit tactic
behaviors in response to external cues (chemicals,14 light,15,16
temperature,17,18 electric field19), can change their shapes in
response to mechanical stimuli,20,21 and can deform and
migrate as a result of the internal cytoskeletal dynamics driven
by a mesh of macromolecular fibers such as microtubules and
actin filaments22–24 (Fig. 1c); when ‘‘dead’’, however, these cells
are nothing more than spherical droplets minimizing surface
energy (Fig. 1d).
One of the key questions we pose in this Review is whether at
least some of these fascinating behaviors can be reproduced in
artificial droplet-based systems. As we will see, there has been
much recent activity – and significant progress – in developing
‘‘active’’ droplets maintaining themselves outside of thermodynamic equilibrium. Tens of significant papers have been
published in top journals focusing on the physical, chemical,
biological, or device-oriented aspects of such droplets. Here, we
attempt to systematize this knowledge and arrange it in the
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Fig. 1 (a) Microscopic origin of surface tension. In the bulk of the liquid
(darker blue), cohesive forces between molecules (indicated by two-way
gray arrows) average out and so have no preferred directionality. In the
interfacial region (lighter blue), however, the molecules experience cohesive
forces within the interface and towards the liquid’s bulk. As a result, they
experience net forces directed ‘‘inwards’’ (purple arrows) – these forces tend
to keep the interface at the minimal area possible, an effect that on the
macroscopic level is known as surface tension. (b) Examples of some
‘‘exotic’’ vesicle shapes reported in ref. 13. Top row: Simulated vesicle shapes,
bottom row: experimentally observed vesicles. Vesicles were prepared from
1,2-dioleoyl-sn-glycero-3-phosphocholine using gentle hydration method
with deionized water. All scale bars correspond to 10 mm. Confocal microscopy images of (c) live and motile and (d) dead cells (see corresponding
Movie S1, ESI†). Figure (b) adapted from ref. 13 with permission from The
Royal Society of Chemistry.

order of increasing complexity of the droplet-based systems. In
doing so, we focus on non-equilibrium examples whereby the
droplets are connected to their environment by a systematic
and sustained (over the timescale of the experiment) fluxes of
matter and/or energy; for examples of equilibrium systems, the
reader is referred to excellent recent reviews.25–36 Also, we cover
here droplets having a wide range of sizes – from nanoscopic
micelles all the way to millimeter sized drops; again, the criterion
for inclusion is that the droplets be active and non-equilibrium.
We begin, in Part 1, with the overview of droplets that move in
response to external chemical, electrical, light, or topographical
cues. These phenomena are generally based on surface-tension
eﬀects and relatively simple surface chemistries – still, they can,
at least in some cases, give rise to quite complex behaviors
(e.g. maze solving) and can be used to transport ‘‘unusual’’
materials including liquid metal alloys.

Chem. Soc. Rev., 2016, 45, 4766--4796 | 4767

View Article Online

Published on 13 June 2016. Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 13/04/2017 09:34:46.

Chem Soc Rev

In Part 2, we look at droplets of increasingly complex makeups and ultimately serving as primitive cell mimics. We first
examine (Section 2.1) droplets in which surface-tension eﬀects
couple with chemical reactions to cause spontaneous droplet
division into ‘‘generations’’ of ‘‘progenies’’ of decreasing sizes.
We then discuss, in Section 2.2, how such phenomena can be
interfaced with external computer control to eﬀectively evolve
compositions of droplets that maximize evolutionary ‘‘fitness’’
in terms of their ability to move or divide. In Section 2.3, we
look at droplets which change their compositions completely
autonomously, by supporting basic forms of ‘‘chemical metabolisms’’ for the synthesis or degradation of ‘‘chemical food’’
uptaken from the environment. By the end of this section, we
will see some quite sophisticated systems capable of making
their own components and thus increasing their own sizes.
When surface-tension eﬀects combine with the amplification
of nucleic acids inside the droplets (Section 2.4), they are able
not only to self-divide but also self-replicate in a sustainable
manner, maintaining the sizes of the progenies by incorporating outside building blocks. Furthermore, there are already
examples of DNA/RNA-containing droplets that mimic real cells
in their ability to undergo basic Darwinian evolution including
competitive growth against ‘‘weaker species’’ or accumulation
of genetic mutations.
With ‘‘protocells’’ under vigorous development, there has
also been a growing interest in collections of such objects. In
Part 3, we review how droplets housing complex chemistries
can communicate either by diﬀusion of chemical messengers
(e.g., in ensembles of droplet-based chemical oscillators,
Section 3.1) or via ion channels embedded in lipid membranes
connecting the droplets (Section 3.2). In the latter case, architectures comprising up to thousands of droplets connected into
tissue-like materials have been prepared and shown to act as
batteries, current rectifiers, light-sensing networks, or self-folding
materials. Theoretical studies summarized in Section 3.3 suggest
that even more involved modes of inter-droplet communications
are possible and can give rise to dynamic behaviors in which the
droplets form dynamic, motile assemblies.
The fundamental motivation to synthesize ‘‘active’’ droplets
of increasing complexities is to implement nature’s design
principles in artificial systems, and probe how closely we can
mimic real cells. Still, to justify such research eﬀort in the
long run, there should also be some practical applications in
which active droplets would be essential components of new
technologies – perhaps acting as ‘‘microreactors’’ detoxifying their
environments (by metabolizing harmful species; cf. Section 3.2),
or supporting chemical syntheses that would be problematic in
the bulk phase, or enabling functioning of new types of devices.
We review some examples of devices and technologies based on
active droplets in Part 4 – as we will see, this application-oriented
research is still in its infancy (with exception of microfluidics)
with the demonstrations being largely at the level of a laboratory
proof-of-the-concept. The ability to translate some of these early
systems into technologies impacting human life will be one of the
key challenges for this emerging – and quite fascinating – area of
interdisciplinary chemical research.

4768 | Chem. Soc. Rev., 2016, 45, 4766--4796

Review Article

Part 1. Movement and taxis of
individual droplets
1.1.

Chemotactic droplets

The study of moving droplets is largely inspired by analogies to
bacteria and motile cells exhibiting tactic motions in response
to external cues.37 Chemotaxis38,39 – that is, movement in
response to chemical cues – is ubiquitous in living cells and
has proven relatively easy to reproduce in droplets. However,
while cells employ complex chemoreceptors40,41 to sense and
respond to the presence or absence of specific chemicals,
systems of chemotactic droplets have generally been based on
relatively simple chemistries.
Our first example illustrates how simple chemistry can make
a droplet perform tasks as complex as maze solving (Fig. 2). In
this system,42 maze channels were made in PDMS by conventional photolithography, and were filled with aqueous solution
of KOH (pH E 12). A shallow pH gradient was established by
placing a small block of agarose soaked in a solution of HCl
(pH = 1.2) at the exit of the maze. After 30–40 seconds (time
required to establish pH gradient throughout the maze), a droplet
of solvent immiscible with water (mineral oil, MO, or dichloromethane, DCM) containing 20–60% v/v of 2-hexyldecanoic acid
(HDA) was placed at the maze’s entrance. Once inside the maze,
the droplet started to move towards the HCl source, in the process
finding the shortest path through the maze (Fig. 2a) and
sometimes correcting itself from taking wrong turns (Fig. 2b
and movies43,44).
Droplet’s velocity depended on its composition and the
solvent used. For HDA/DCM system, the velocity reached
10 mm s1 but for HDA/MO it was only 1 mm s1. Those
speeds were reflected in the behavior of the droplet inside of
the maze. The ‘‘rapid’’ HDA/DCM droplets had the tendency to
explore dead ends (before correcting to the shortest path) while
the ‘‘slow’’ HDA/MO droplets migrated smoothly along the
shortest path without any disturbance. In both cases, the selfpropulsion of the droplets was explained by (i) partitioning of
HDA between the phases (MO/KOH solution and DCM/KOH
solution) and (ii) emergence of the surface tension gradient
(due to HDA) at the liquid–air interface (Fig. 3). This gradient
than ‘‘powered’’ convective flows around the droplet whose

Fig. 2 Maze solving by chemotactic droplets (here, 1 mL, 20% v/v HDA in
DCM). In (a), the HDA/DCM droplet solves the maze without any detours.
In (b), the droplet goes astray at two locations but ultimately corrects itself
to find the shortest path leading to the maze’s exit. Figure adapted with
permission from ref. 42. Copyright 2010 by American Chemical Society.
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Fig. 3 Scheme illustrating (a) a non-uniform distribution of HDA at the
liquid–air interface, leading to the variations of surface tension over the
droplet’s surface; (b) convective rolls visualized using Neutral Red. In (b),
image contrast was enhanced electronically. Figure adapted with permission from ref. 42. Copyright 2010 by American Chemical Society.

‘‘strengths’’ were different at the low- and the high-pH sides,
eventually ‘‘pulling’’ the droplet towards low-pH regions and
the maze’s exit.
Another simple system supporting movement of single droplets
was reported by Sugawara et al.45 and was based on fatty acid
chemistry. It comprised an oleate surfactant (oleic acid in pH = 11
alkaline water) and an oil (oleic anhydride in nitrobenzene)
droplet. After immersion of the oil droplet in the surfactant
medium it was initially covered by the oleate surfactant and no
movement was observed (Fig. 4, ‘‘stage 1’’).
Subsequently, however, the symmetry of the surface was
broken and discrete structures accumulated within the droplet’s
oil phase. These structures were performing oscillatory-type
movements, periodically exposing the oil to the surrounding
alkaline water and enabling the hydrolysis of oleic anhydride to
oleate. This hydrolysis reaction, in turn, aﬀected the surface
tension of the system and lowered the pH near the droplet’s
surface (Fig. 4, ‘‘stage 2,’’ red circles). The interfacial motions
and flows caused by the local surface-tension gradients ultimately synchronized into a droplet-wide flow pattern, in which
the oleate surfactant was being pushed towards the anterior
pole of the droplet (Fig. 4, ‘‘stage 3,’’ blue arrows) where it
desorbed from the droplet’s surface. Conversely, the hydrolysis
reaction localized to the surfactant-poor, ‘‘front’’ pole. The
pH gradient over the droplet’s surface then gave rise to two
counter-rotating vortices within the droplet that propelled it
‘‘forward’’ (Fig. 4, ‘‘stage 3’’).

Fig. 4 Scheme illustrating the sequence of events leading to the emergence
of surface flows in Sugawara’s system. Figure adapted with permission from
ref. 45. Copyright 2007 by American Chemical Society.
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In their subsequent publication, the same team46 used a
diﬀerent surfactant to act as a chemical ‘‘fuel’’ powering the
moving droplets—namely, (N-(4-[3-[trimethylammonio]ethoxy]benzylidene)-4-octylaniline bromide) (Fig. 5a, 1) mixed with
4-octylaniline (Fig. 5a, 2). A fluorescent catalyst (Fig. 5a, 4)
present in 4-octylaniline droplets was used to drive the hydrolysis
of surfactant 1 back into aniline derivative 2 and benzaldehyde
derivative 3. Of these two species, the former was lipophilic and
accumulated inside of the droplets, while the latter was hydrophilic and migrated into the aqueous phase.
The movement of the droplet was initiated by the hydrolysis
of the surfactant which occurred simultaneously in several
places on the droplet’s surface, where the catalyst was present.
Due to stochastic fluctuations in the hydrolysis reaction
rates, symmetry breaking took place translating into surface
tension diﬀerences between the product-accumulating and nonaccumulating sites. As this happened, a Marangoni-type47,48
lateral movement of the product on the droplet’s surface was
observed. The presence of the surfactant on the surface prevented

Fig. 5 Illustration of the hydrolytic reaction scheme. (a) In the presence of
catalyst 4, ‘‘fuel’’ surfactant 1 produces lipophilic aniline derivative 2 and
hydrophilic benzaldehyde derivative 3. (b) Scheme of self-propelled oil
droplet consuming ‘‘fuel’’ surfactant and producing oily ‘‘waste’’ droplets
at the trailing edge. Arrows illustrate the direction of movement of the
lipophiles on the surface of the original droplet. (c) Sequential phasecontrast micrographs of the release of waste droplets from the posterior
surface of the original droplet. Black arrow in each micrograph indicates
droplet’s direction of motion. Figure adapted with permission from ref. 46.
Copyright 2009 by American Chemical Society.
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the lipophilic product from dissolving into the initial oil
droplet – instead, this product aggregated into tiny oil ‘‘waste’’
droplets that grew with time and eventually gathered at one
edge of the droplet, increasing its interfacial energy in comparison to the sites free of the ‘‘waste’’ microdrops. This difference
induced the movement of the material on the droplet’s surface
and convective flows inside the droplet – as a result, the droplet
propelled itself while the waste microdroplets were pushed
towards its rear end from which they detached upon reaching
ca. 3 mm in size (subsequently, these microdroplets dissolved in
the surrounding medium within seconds).
Another example of self-propelled droplets is based on ionic
liquids (ILs). Francis et al.49 used droplets of trihexyl(tetradecyl)phosphonium chloride ([P6,6,6,14][Cl]) (Fig. 6a) whose
motion was induced by a chemical gradient along a fluidic
channel (Fig. 6b–e).
When placed in an aqueous environment, the droplet immediately released the [P6,6,6,14]+ cation that acted as a surfactant and
lowered surface tension, g. The release of [P6,6,6,14]+ was coupled to
the association of the Cl counterions. In particular, placing the IL
droplet in a fluidic channel supporting a Cl gradient (Fig. 6b)
resulted in a preferential release of the surfactant towards the side
of higher anion concentration. As in all previous examples we have
seen, diﬀerences in the surfactant’s surface tension translated into
surface tension gradients and Marangoni-type flows, ultimately
propelling the droplet towards the highest concentration of Cl in
solution (Fig. 6c–e). This chemotactic behavior was also observed
when potassium bromide or sodium sulphate were used as
gradient sources, indicating that movement of ([P6,6,6,14][Cl])
droplets can be affected by any factor altering the ionic equilibria
and partitioning of Cl between the phases.
In addition to organic systems, droplets of liquid metals
have also been explored in the context of chemotaxis. In a

Fig. 6 Movement of an ionic liquid droplet in the system reported in
ref. 49. Figure adapted from ref. 49 with permission from The Royal
Society of Chemistry.
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recent example, Zhang et al.50 used droplets of eutectic gallium–
indium (eGaIn) or Galinstan (eutectic gallium–indium–tin)
immersed in a basic aqueous solution (0.25 M NaOH) and
exposed to small flakes of aluminum (Fig. 7a and b).
First, the surface of Al was activated through the so-called
Rebinder’s eﬀect51 in which eGaIn exerted mechanical stresses
on the aluminum flakes to clean them from the passivating
oxide layer. Oxide-free Al then reacted with NaOH solution,
2Al + 2NaOH + 2H2O - 2NaAlO2 + 3H2m, evolving hydrogen
bubbles. The authors proposed that the droplet’s net motion can
originate from either (i) recoil due to bubble evolution and
detachment or (ii) changes in the structure of eGaIn’s electrical
double layer translating into the changes of surface tension and,
ultimately, a pressure diﬀerence across the drop. The motion
could be maintained for more than 1 h and the droplet showed
quite an amazing ability to conform to the topographies of the
channels it traversed (Fig. 7c) and/or squeeze through narrow
gaps, prompting the authors to call it a ‘‘biomimetic mollusk’’.

Fig. 7 Self-propelled droplets of a liquid metal. (a) Scheme of an Al flake
attached to the surface of eGaIn resulting in hydrogen bubble evolution
and droplet movement in the opposite direction; forces aﬀecting the
velocity v of the droplet, fv – resistance from the solution, fs – friction
from the substrate, fw – friction from the wall, fb – bubble thrust force,
fp – electrochemical propulsion. (b) Movement of a 60 mL eGaIn droplet in
a Petri dish containing NaOH solution. (c) eGaIn droplet in a zigzag
channel and its respective configurations at two positions inside. Figure
reproduced with permission from ref. 50. Copyright 2015 by John Wiley
and Sons.

This journal is © The Royal Society of Chemistry 2016
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Building on their previous work describing modification
of liquid metals by coating them with insulators and semiconductors,52 Tang et al. also studied the behavior of liquid metal
droplets and marbles under the influence of an electrochemical
force.53 In one experiment, a Galinstan droplet in a PDMS channel
was submerged in an acidic (HCl, pH = 0.5) or basic (NaOH,
pH = 13.5) electrolytes and subjected to an external electric field.
Despite strong Debye screening in these solutions, actuation of
the droplets was observed in both cases, albeit with diﬀerences in
speeds, voltage–time changes, and the direction of motion. These
motions were explained by the changes in the surface tension
caused by the field-induced changes in the structure of the
droplet’s electrical double layer (EDL). Specifically, in a basic
electrolyte, gallium reacts with hydroxide ions producing gallates
[Ga(OH)4] that charge the surface negatively and attract positively
charged ions to the EDL. The interface can be treated as a parallelplate capacitor obeying the so-called Lippmann equation (eqn (1))
relating surface tension to EDL properties:
C
gðVÞ ¼ g0  V 2 ;
2

(1)

where C is the capacitance of the EDL, V is the potential across
the EDL, and g0 is the maximum surface tension at V = 0. When
the liquid metal is treated as equal-potential throughout its
extent, exposure to an outside DC field causes the surface charge
on the droplet to redistribute (Fig. 8a) creating a gradient of V
over the droplet’s surface. The electric potential at the cathodic
pole becomes greater compared to the anodic pole and, according to eqn (1), the surface tension at the cathodic pole is smaller
than that at the anodic pole. The surface tension gradient thus
established induces the motion of the droplet towards the anode.
This motion is accompanied by an electrochemical oxidation of
gallium into b-Ga2O3, which – if deposited in excess – can cause
the droplet to halt. The motion in acidic medium can be
described by the same principles as for the basic electrolyte
with the difference that the droplet becomes positively charged,
leading to the negative charge accumulation on the outer layer
(Fig. 8b).
Similar experiments were repeated53 with Galinstan droplets
covered with WO3, In2O3 and ZnO nanoparticles, NPs, that have

Fig. 8 Movement of a Galinstan droplet under the influence of an external
field in (a) basic and (b) acidic electrolytes. Figure adapted from ref. 53 with
permission from The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2016

low-pH isoelectric point and in a basic solution have large negative
surface charge. Since the NP coating is free to move over the
surface of the metal, the externally applied potential acting on
the composite liquid–metal/NP EDL strives to minimize surface
tension by clearing the NPs from the droplet’s cathodic pole –
droplet motion then ensues.
1.2.

Phototactic droplets

Another means of eliciting directional droplet motion is by
light stimuli. In their classic work, Ichimura et al.54 studied the
motions of various types of droplets on photoresponsive surfaces. This responsiveness was mediated by azobenzene groups
well known for their trans–cis conformational switching upon
irradiation with UV light. In Ichimura’s design, azobenzenes
were covalently linked to calixarenes forming O-carboxymethylated
cali[4]resorcinarene bearing p-octylazobenzene residues (CRA-CM),
acting as amphiphiles, and assembling into a monolayer on
aminosilylated silica (Fig. 9a).
Exposure of this monolayer to UV light (365 nm) converted
B90% of azobenzenes to the cis isomer; irradiation with blue
light (436 nm) reverted them back to the trans form. The cis
isomer had a relatively large dipole moment, B3.0 D,55 and
exposed the polar diazo groups at the monolayer’s surface; in
contrast, the trans form had a negligible dipole moment and
exposed the non-polar alkyl chains at the surface. These changes
translated into diﬀerent wetting properties of the surface. In an
illustrative experiment (Fig. 9b, 1), a small oil droplet was placed
on the CRA-CM photoresponsive surface uniformly irradiated
with UV light – at this stage, the droplet remained stationary.
When, however, the surface was exposed to blue light whose
intensity varied across the droplet, a non-uniform surface distribution of the trans isomer was established, effectively giving rise
to the gradient of surface wettability. The droplet responded to
this gradient by following the beam – that is, by moving in the
direction of less polar areas exposing more alkyl chains (Fig. 9b, 2).
The movement ceased when the surface was irradiated uniformly
with the blue light erasing all surface composition gradients
(Fig. 9b, 3). The droplet became motile again when the above
sequence of steps was repeated (Fig. 9b, 4).
The velocity of a droplet was found to depend on its volume
and viscosity, steepness of the surface energy gradient, and
surface tension. These factors are ultimately governed by the
imbalance in contact angles generated at the edges of the
droplet – in particular, the authors established that liquids for
which the receding contact angle on the trans-isomer surface
(ytrans
rec ) is greater than the advancing contact angle on the ciscis
isomer surface (ytrans
rec ) 4 (yadv), were most responsive to photoinduced surface energy changes.
Molecular switching can also be based on light-induced
cis–trans56 isomerization of carbon–carbon double bonds. Such
a switchable motif was incorporated into a rotaxane57 shown in
Fig. 10a. This rotaxane contained tetrafluorosuccinamide (orange)
and a fumaramide (green) stations differing in polarity, and a
macrocycle having high affinity to the fumaramide station
(because of the hydrogen bonds present in this configuration).
Shining UV light (254 nm) for 5 minutes caused the isomerization
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Fig. 9 (a) Monolayer formed by azobenzene-bearing CRA-CM amphiphiles. (b) Stages of light-driven motion of an olive oil droplet. Figure reproduced
from ref. 54. Reprinted with permission from AAAS.

Fig. 10 Droplet movement driven by light-switchable rotaxanes. (a) The movement of the rotaxane upon irradiation with 254 nm UV light is caused by
the isomerization of the fumaramide station (green) to the maleamide form (dark blue). (b) (1) A 1.25 mL droplet of diiodomethane on a glass substrate
before UV irradiation. Irradiating one side of the droplet causes (2) spreading and then (3) movement until (4) a photostationary state is reached. Figure
adapted with permission from ref. 57. Copyright 2005 by Nature Publishing Group.

of the fumaramide (green, form E) to the maleamide (dark blue,
form Z), resulting in a 50 : 50 mixture of E/Z forms. As the
macrocycle moved towards the tetrafluorosuccinamide part of
the molecule, it blocked its interactions with the environment,
in consequence changing the net polarity of the rotaxane. This
change was exploited to design a switchable surface, in which
the rotaxane moieties were covalently bound to a SAM-on-gold
(on glass or mica) and supported droplets of liquids such as
diiodomethane. Asymmetric irradiation of the surface near the
droplet caused the E/Z isomerization, rotaxane switching, exposure of the hydrophilic maleamide station of the rotaxane, and
eventual movement of the droplet towards the irradiated, more
hydrophilic regions (Fig. 10b).
Droplets of liquid metals could also be moved by light. We
have already discussed a system of Galinstan covered with WO3
nanoparticles. Interestingly, these nanoparticles can also serve

4772 | Chem. Soc. Rev., 2016, 45, 4766--4796

as photocatalysts. Specifically, when WO3 NPs were immersed
in a medium containing H2O2 and were exposed to 320–380 nm
UV light, they decomposed the peroxide and evolved oxygen
bubbles.58 Focusing the UV beam on one side of the droplet
resulted in a gradual build-up of O2 bubbles such that they
eventually ‘‘lifted’’ the base of the droplet and caused it to roll
away from the UV beam (Fig. 11).
1.3.

Combined chemo- and photo-taxis

An interesting class of systems are droplets whose propulsion
can be triggered by photo- and pH responses. In a system constructed by Florea and co-workers,59 the key element was the
spiropyran sulphonic acid (SP–SO3H) which in solution exists
in two forms in equilibrium (MCH+–SO3 " MC–SO3), but is
also susceptible to light induced dissociation,60 allowing for the
pH to change from 5.0 to 3.4 (Fig. 12).
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Fig. 11 Scheme of the experimental setup illustrating the mechanism of
UV-induced motion of a Galistan/WO3 NPs droplet. Light passing through
an objective lens is focused on one side of the marble. Figure reproduced
from ref. 58 with the permission of AIP Publishing.

Chem Soc Rev

ensuring that the field is strong enough to move the droplet.
Dorvee et al.61 achieved this by using porous Si microparticles
infused with magnetite; after oxidation these constructs became
amphiphilic. When injected into a water droplet immersed in a
solution of dichloromethane and hexane (1 : 3), the NPs occupied
the water–organic interface. The composite droplet thus prepared could be flexibly moved by external magnetic fields.
Similar approaches utilized Fe2O362 or Fe3O463 nanoparticles
that, after preparation and suspension in a liquid, formed
‘‘marbles’’ such as those shown in Fig. 14. Easy to prepare,
they readily responded to magnetic fields reaching velocities of,
respectively, 25 cm s1 and 32 cm s1; these speeds depended on
the magnet’s strength, droplet size, and fraction of the nanoparticles suspended. As shown in Fig. 14b, when the magnetic
NPs were pulled by strong fields, the marbles could also be
‘‘opened’’ to expose their water content.
1.5.

These phenomena provided the basis for experiments with
droplets composed of 2-hexyldecanoic acid (HDA) and chromoionophore I (CI), both suspended in DCM. HDA was present in
excess and reacted with CI, forming the protonated ionophore
species CI–H+ which acted as a cationic surfactant (Fig. 13a).
Further, the [CI–H+][DA] ion pairs were aligning at the droplet’s
surface (Fig. 13b, 1). When placed in a channel filled with
aqueous solution of spiropyran sulphonic acid, irradiation with
light triggered dissociation of SP–SO3H lowering solution’s
pH (Fig. 13b, 2). The droplet responded to this change by
releasing the surfactant CI–H+ ions into the aqueous phase,
in turn lowering the surface tension and causing the droplet to
move towards the higher surface tension area and away from
the light source (Fig. 13c, 1–4). Droplet velocities depended on
the amount of SP–SO3 formed, which in turn scaled with the
intensity of the irradiating light.
1.4.

Magnetotaxis

Perhaps not surprisingly, droplets containing magnetic additives
can be manipulated by magnetic fields – although it should be
remembered that such systems must be fine-tuned to prevent
the ‘‘escape’’ of the magnetic particles from the droplet while

Taxis on heterogeneous/patterned surfaces

In addition to methods involving engineering of the droplet’s
composition, drops can also be made to move by the topography and/or mechanical properties of their surroundings.
This is akin to the so called durotaxis64 whereby living cells
respond to the mechanical properties of the surface, especially its
rigidity and stiﬀness. In this spirit, interesting droplet behaviors
were observed on surfaces engineered to present stiﬀness
gradients and, at the same time, soft enough to be deformed by
the droplets themselves.65 The stiﬀness gradient can be introduced via diﬀerences in substrate thickness: for example, in a
layer of soft silicone gel deposited on a hard lenticular array
shown in Fig. 15a. When a liquid droplet comes into contact with
such a soft substrate, it experiences diﬀerence in the contact angle
across its extent that is proportional to substrate’s local thickness.
When this contact-angle diﬀerence reaches a critical value, movement towards thicker regions of the gel is observed. Ultimately,
these motions lead to the condensation of droplets along the lines
where the gel layer is the thickest (Fig. 15b and c). It was also
possible to prepare microstructures on which the droplets formed
regular arrays (Fig. 15d; suggesting possible synergies of this
method with microfluidic droplet generators66–69) or coalesce over
predefined shapes (Fig. 15e).

Fig. 12 Light-induced dissociation of SP–SO3H yields merocyanine (MC–SO3), protonated merocyanine (MCH+–SO3), and a proton (solution pH = 5).
When illuminated with white light, both merocyanine forms are converted into spiropyran sulphonate (SP–SO3) and additional protons decreasing the
pH to 3.4. Figure reproduced with permission from ref. 59. Copyright 2014 by John Wiley and Sons.
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Fig. 13 Light-induced droplet motion. (a) Reaction of chromoionophore I (CI) with 2-hexyldecanoic acid (HDA) leading to the [CI–H+][DA] ion pairs.
(b) The droplet interface before (1) and after (2) UV irradiation. (c) Mechanism of the droplet movement: (1) initially, at pH = 5, the droplet is stationary;
(2) upon irradiation, the pH of the solution changes to 3.4; (3) under these acidic conditions, the surfactant ion CI–H+ migrates to the aqueous phase
lowering the surrounding surface tension and causing the droplet to move away from the light source; (4) the droplet stops in the region of higher
surface tension. Figure reproduced with permission from ref. 59. Copyright 2014 by John Wiley and Sons.

Fig. 14 (a) Examples of a Fe2O3 and (b) Fe3O4 based liquid ‘‘marbles’’. The
Fe3O4 based marble can be opened under the influence of the magnetic
field exposing its water content (dark blue circle). Figure (a) reprinted with
permission from ref. 62. Copyright 2008 by American Chemical Society.
Figure (b) reproduced with permission from ref. 63. Copyright 2010 by
John Wiley and Sons.

Droplet shapes and motions can also be elicited by the
topography of surface micropatterns, including arrays of pillars,
cylindrical posts, ratchets and grooves such as those shown
in Fig. 16.
The dynamic/non-equilibrium behaviors of the droplets
depend on the specific dimensions of the micropatterns and
also require external driving force in the form of mechanical
vibrations75 or temperature diﬀerence72,74,76 which enable the
droplets to overcome the initial wetting interaction with the
surface (Fig. 16e and f). For instance, when a droplet resting on
an array of micropillars is subject to an external vibrational
force (Fig. 16e), the air pockets trapped in between the pillars
cause the droplet to bead-up and increase the contact angle
(a phenomenon known as the Fakir or Cassie state77). Elevating
the temperature of the substrate above the boiling point of the
liquid (Fig. 16f) results in the formation of a vapor film partially
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Fig. 15 Droplet durotaxis. (a) Scheme of a soft silicone gel (yellow) deposited
on a hard curvilinear substrate (gray). (b and c) Glycerol droplets form lines over
thicker regions of the substrate. (d) Condensates of water droplets arranging
into linear arrays. (e) Droplet motion leading to the coalescence on a ‘‘Y’’ shaped
fragment of the substrate corresponding to thicker regions of the gel. All scale
bars correspond to 170 mm. Figure reproduced with permission from ref. 65.

separating the liquid from the solid (a.k.a. the Leidenfrost
eﬀect78,79), giving rise to a pressure gradient. The vapors are
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Fig. 16 Examples of arrays of microscopic (a) pillars,70 (b) cylinders,71 (c) ratchets72 and (d) grooves73 used in the studies of moving droplets. Schemes
(left) and experimental images (right) illustrating the changes in the behavior of on-micropattern droplets upon either: (e) mechanical vibrations or
(f) temperature increase. Figure (a and e) adapted with permission from ref. 70 Copyright 2006 by American Chemical Society. Figure (b) adapted with
permission from ref. 71. Copyright 2007 by Nature Publishing Group. Figure (c) adapted from ref. 72 with permission of Springer. Figure (d) adapted with
permission from ref. 73. Copyright 2013 by American Chemical Society. Figure (f) adapted with permission from ref. 74. Copyright 2011 by Nature
Publishing Group.

‘‘pushed’’ out on the sides of the droplet with speeds diﬀerent
at the steep and at the more inclined portions of the ratchet
microstructure, causing the droplet to move along the ‘‘inclined’’
direction. This Leidenfrost eﬀect can enable very high droplet
velocities80 up to 40 cm s1.72 While, in principle, any liquid can
be actuated in this manner (upon reaching its boiling point),
the duration of movement is limited by the evaporation of the
liquid itself.
On surfaces presenting a gradient of microstructures, the
droplet begins to move towards the area of higher microstructure density (Fig. 17) where it experiences lower surface
energy.70 When diﬀerent surface regions present multiple
feature-density gradients, diﬀerent droplets can move in diﬀerent
directions, as illustrated by the experimental images in Fig. 17c.
Depending on the droplet size, topography of the surface
features, and the character and frequency of the vibrational
wave, speeds of 5–10 mm s1 can be achieved. It must be noted,
however, that a constant frequency of vibrations will allow the
droplet to reach only a certain position on the micropatterned
gradient – after reaching this position, the droplet will stop
because vibrational forces responsible for movement are
insufficient to overcome increasing pinning of the droplet to
the surface.
To summarize Part 1, multiple modalities of taxis have been
achieved using droplets of various types and compositions.
However, even though these studies have largely been inspired
by biology and many of the systems are touted as biomimetic,
they are usually capable of only two-dimensional motions and
are based on very simple chemistries and surface phenomena –
that is to say, they are not really mimicking biological complexity. The key challenge for future work appears to be the extension
of such systems to movers that could autonomously navigate
three-dimensional manifolds in response to the gradients of

This journal is © The Royal Society of Chemistry 2016

specific biomolecules. One might then envision some exciting
applications of such systems, including drug carries migrating
towards the loci of disease (e.g., towards cancer sites known to
have significantly lower pH than healthy tissues). On the other
hand, construction of 3D movers will, without doubt, require
much more elaborate make-ups of the droplets, akin to cells,
whose behavior in general and tactic motions in particular are
controlled by multiple interacting biomolecules. Some early –
but already exciting – examples of droplets comprising multiple
interacting components are discussed in the next part.

Part 2. Droplets as cell mimics
Directional or tactic motion is but one of many features of living
bacteria and cells, which operate metabolic networks, genetic
circuits, signaling cascades, and reaction–diffusion processes to
perform a myriad of dynamic functions. Together, these processes give rise to complex ‘‘molecular production lines’’ which
nowadays can be harnessed and ‘‘re-programmed’’ to synthesize
useful chemicals and drugs.81–84 It is quite awe-inspiring that a
miniscule E. coli bacterium can operate some 40 000 chemical
reactions at any point of time – all in a ‘‘droplet’’ 1 micrometer in
size! Not surprisingly, there has been tremendous interest in
designing artificial droplet-based systems that would be able to
mimic at least the basic capabilities of their cellular counterparts.
In this part, we will review such systems capable of rudimentary
self-replication and acting as reactors supporting various (bio)chemical reactions.
2.1.

Droplets self-replicating by surface tension eﬀects

We begin with self-replication because its realization in droplet’s
systems has relied heavily on the engineering of surface properties
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Fig. 18 Self-replicating micelles based on octanoic acid sodium salt and
1-octanol. (a) The reverse micelle formed in this medium encapsulates
the polar elements in its interior. (b) When the octanoic acid octyl ester
reaches the interface of the micelle, the hydroxide ions present in the
interior hydrolyze it, producing OASS and 1-octanol.

Fig. 17 (a) Actuation of a droplet on a surface presenting topography
gradient. (b) Schematic top view of a gradient surface. (c) Experimental
images of droplets moving in opposite directions on oppositely-oriented
gradients. Figure (c) adapted with permission from ref. 70. Copyright 2006
by American Chemical Society.

similar to those we reviewed in Part 1. The first demonstration
of droplets capable of self-replication was by Walde and Luisi85
in 1990. Their system consisted of 50 mM octanoic acid sodium
salt, OASS, acting as a surfactant, and aqueous LiOH which
served as a catalyst. These two components were dissolved in a
9 : 1 v/v isooctane/1-octanol mixture and formed reverse micelles
enclosed by OASS and 1-octanol as co-surfactant (Fig. 18a).
The reaction driving the ‘‘replication’’ of such micelles was the
hydrolysis of octanoic acid octyl ester (initially located mostly in
the bulk phase outside of the micelles) catalyzed at the surface
by LiOH (Fig. 18b). Importantly, this reaction created both the
OASS and the 1-octanol surfactant – in effect, the number of
such molecules competing for the interface increased and, to
accommodate them all, the micelles divided into smaller ones to
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increase surface area (while conserving the volume of the aqueous
phase). Thus, the fidelity of self-replication was not perfect but,
as the authors suggested, could in principle be amended by a
continuous supply of water.
The general principle this work established – that is, the key
role of an interfacial reaction generating additional surfactant
species – has been used in multiple subsequent studies involving reactions driven by small molecules86–90 as well as those
driven by enzymes.91–95 Yet, these works focused on micelles
rather than on biologically relevant bilayer vesicles. Early work
on the potential of such vesicles for self-replication was also
performed by the Luisi group.96 They synthesized vesicles based
either on caprylic or oleic acids and showed that such vesicles
were capable of hydrolyzing, respectively, oleic and caprylic
anhydrides, thus generating more surfactants and driving
self-replication.
Demonstrations of self-replicating vesicles tie with the
eﬀort to understand how life might have emerged and so they
attracted the attention of biologists, notably of Szostak (Nobel
Prize winner in Physiology or Medicine) and his co-workers.
In their early works, they tested the hypothesis whether selfreplication can occur as a result of interactions of mineral
particles with micelles serving as vesicle precursors.97 For
their studies, they have chosen clay montmorillonite which is
interesting for its ability to catalyze RNA polymerization from
activated ribonucleotides.98,99 This property is important in
evolutionary biology, as it could help identify possible pathways
of oligonucleotide formation on primitive Earth. Experiments
were performed using myristoleate micelles serving as substrates
for hypothetical vesicle formation. Results showed clearly that the
presence of clay particles increases the rate of vesicle formation
by a factor of ca. 100. This catalytic eﬀect was ascribed to the
attraction of negatively charged micelles or free acids from the
bulk solution to the positively charged cation layer surrounding
the negatively charged montmorillonite particles. Such assembly
at the cation layer can then facilitate formation of bilayers and
vesicles. Experiments performed with montmorillonite clay
functionalized with fluorescently labeled RNA oligonucleotide
(Cy3-A15) also showed that the clay material could be encapsulated
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within the vesicle interior, potentially explaining clay-mediated
RNA polymerization in primitive cells. Importantly, Szostak’s
team observed vesicle division resulting from extrusion of the
vesicle mixture through small-pore membrane filters.
In their subsequent work,100 the same authors prepared large
monodisperse oleate vesicles to which excess oleate micelles were
added. The initially spherical vesicles first began to form thin
tails but ultimately completely transformed into long, threadlike vesicles. When these elongated structures were subject to
even mild shear forces, they divided into multiple smaller
spherical daughter vesicles (Fig. 19). Upon subsequent addition
of ‘‘fresh’’ micelles, the divided, progeny vesicles grew and
elongated and, when subjected to shearing forces, divided again
completing the self-replication cycle and with the vesicle count
increasing exponentially, as expected for a true self-replication
process. Such cycles of self-replication were observed in prebiotically plausible media suggesting that the observed
phenomena might represent a possible pathway for the reproduction of early protocells.
Our own group focused on droplets that would self-replicate in
a pH-dependent manner and could also partition the cargo they
carry into the progenitor micelles. The system we used101 was
based on dichloromethane, DCM, droplets containing 45–50% v/v
of 2-hexyldecanoic acid, HDA. When such a composite droplet
was placed in a basic solution, the HDA molecules tried to localize
at the DCM/oil interface – this accumulation caused the increase
in the droplet’s surface area and its elongation until the droplet
broke into two progenies that then continued to divide (Fig. 20a
and b). The two remarkable properties of the system are that the
division can be controlled by the outside pH (and being effective
only when pH 4 10), and that at high pH’s the division cycles
can evolve a centimeter-sized ‘‘parent’’ drop into progenies as
small as 30 nm.
We used this latter property to construct a ‘‘reverse’’ system
in which appropriately functionalized metal nanorods (NRs)
were originally suspended in a large, basic-pH aqueous droplet
and surrounded by the DCM/HDA phase. As the droplet started
to divide, the nanorod cargo partitioned into the progenies.
Ultimately, the division process resulted in partitioning of the
NRs approximately equally into the micelles formed (Fig. 20c).
For example, micelles of an average diameter d = (280  22) nm
obtained at pH = 12.3 each contained 1.9  1.0 rods (Fig. 20d)
while d = (350  30) nm micelles obtained at pH = 12.0 had
4.9  2.9 rods (Fig. 20e). Quite remarkably, these numbers were

Fig. 19 Scheme of elongation, growth and division of a multilamellar
vesicle. Figure reproduced with permission from ref. 100. Copyright 2009
by American Chemical Society.
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Fig. 20 Self-dividing droplets partition their nanosized cargo into the
‘‘progeny’’ micelles. (a) Scheme illustrating the pH-dependent process of
droplet division and (b) the experimental images. The droplets are dyed
with Calco Oil Red for better visualization. Scale bars correspond to 2.5 mm.
(c) Scheme of water droplets containing PVP stabilized NRs dividing in the
DCM/HDA solution. (d and e) TEM images of divided micelles at pH = 12.3
and pH = 12, respectively. All scale bars correspond to 100 nm. Figure
reproduced with permission from ref. 101. Copyright 2010 by John Wiley
and Sons.

close to theoretical predictions (2.3 and 4.5 rods per micelle,
respectively), corroborating lack of any nanorod aggregation
during cycles of division.
We note that the sizes of the micelles we obtained could be
rationalized by considering the free energy changes during
division. In the model we developed,101 the two energetic contributions were due to (i) the bending of the interface (energy
of which is proportional to the square of the curvature for
spherical drops), and (ii) the electrostatic energy between the
ionized head-groups of the surfactant molecules (obtained by
solving the Poisson–Boltzmann equation with the so-called
charge-regulating boundary conditions). Calculations detailed
in ref. 101 confirm the experimental findings that above a critical
values of pH, large droplets remain stable but below this value
they are prone to divide into nanoscopic droplets as favored
by electrostatic considerations alone. Interestingly, the system
exhibits a hysteretic behavior in the sense that when the pH
is increased, the nanoemulsions remain kinetically stable for
up to several days before ultimately coalescing. For such metastable phases, the thermodynamic arguments do not apply and
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one has to consider models such as the Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory of colloidal stability, in which
short-range attractions (typically, van der Waals forces) compete against longer-range electrostatic repulsions to overcome
kinetic barriers.
An elegant way to not only elicit droplet division but also to
control its outcome was introduced by Sato and co-workers.102
Their system comprised of an amphipathic droplet formed
from a mixture of sorbitan monooleate (Span 80) and polyoxyethylene sorbitan monooleate (Tween 80) with alkaline phosphate buﬀer solution inside and a hydrophobic oil (mineral oil,
MO or liquid paraﬃn, LP) outside (i.e., inverse amphipathic
system). To induce droplet’s division, p-nitrophenyl palmitate
(pNPP) was added to the outside oil phase. The pNPP molecules
were hydrolyzed when they reached the alkaline phosphate phase,
and the palmitate molecules thus formed accumulated at and
gradually increased the droplet surface. At a critical surface
area/volume ratio, the droplet divided producing a daughter
droplet (Fig. 21a). Importantly, by manipulating the solvent
and temperature, it was possible to control the numbers and
relative sizes of the divided droplets. In mineral oil and at 30 1C,
the parent droplet divided into two progenies of roughly equal
volumes; at 25 1C two droplets of drastically diﬀerent volumes
were produced. The same reaction, but performed in liquid
paraﬃn at 25 1C, gave rise to multiple progenies. The authors
hypothesized that the division pattern is associated with the
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solvent’s viscosity– accordingly, they performed experiments in
mixtures of MO (viscosity Z = 12.92) and LP (viscosity Z = 4.97) in
various proportions. As illustrated by the diagram in Fig. 21b,
the relative sizes of the droplets could indeed be changed in a
predictable manner by adjusting the MO-to-LP ratio, suggesting
the original hypothesis was correct, though the underlying mechanism is not yet completely understood.
2.2.

Droplets subject to external ‘‘evolutionary stress’’

If droplets could be made to self-replicate, could they also
‘‘evolve’’ and in the process optimize some ‘‘phenotypic’’ characteristics? This question was recently posed by the Cronin
team103 who approached the problem from the point of
information transfer104 linking chemical composition of the
droplets to their function. The authors chose five chemicals
(diethyl phthalate, 1-pentanol, 1-octanol, dodecane, octanoic
acid), out of which four were selected as components of each
single droplet in an aqueous medium at pH 13. Depending on
the specific composition, the droplets of diﬀerent chemical makeups (‘‘genotypes’’) exhibited a range of possible ‘‘phenotypic’’
behaviors including mutual attraction, division, ‘‘explosion,’’
diﬀusion, vibration–pulsation, and directional movement. Focusing
on droplet division, motion and vibration (Fig. 22a), the authors
constructed a robotic system capable of automatically preparing
and analyzing droplets of well-defined sizes and compositions,
and controlled by an evolutionary/genetic algorithm. Droplets of
some initial compositions were prepared and their ‘‘phenotypic’’
behaviors were evaluated by the software – these initial guesses
were then changed in the next ‘‘generation’’ of droplets by
mixing the chemical ‘‘genomes’’ of the parent droplets. A new
generation was thus created and subject to evaluation by a
fitness function (Fig. 22b) – progeny droplets that improved
desired characteristics were kept, while those that scored poorly
were removed from the pool (‘‘killed’’). Up to 21 such cycles
were performed autonomously until no further improvements
in the fitness values was observed (Fig. 22c). The droplets thus
evolved had compositions (chemical ‘‘genomes’’) ensuring the
best performance in terms of the phenotypic properties of motion,
division and vibration.
Naturally, this system is not chemically autonomous as it is
a chemo-robotic hybrid where the evolution is embodied by the
external robot and its algorithmic ‘‘brain’’. The grand challenge
remains how to gradually transition such systems from hardware/
software-dependent to fully chemically autonomous. This will,
no doubt, require that the droplets support some form of
chemical reactivity in their interior – we will discuss such dropletbased reactors in the next section.
2.3. Droplets supporting chemical syntheses and primitive
‘‘metabolism’’

Fig. 21 (a) Scheme of droplet division based on the hydrolysis of pnitrophenyl palmitate, pNPP. (b) Regulation of the relative sizes and
numbers of daughter droplets by temperature and solvent viscosity; Zr –
relative viscosity (Zr = Z/Zw, Z – coefficient of oil viscosity, Zw – coefficient
of water viscosity). Figure adapted with permission from ref. 102. Copyright
2013 by Nature Publishing Group.
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A droplet coupled by the exchange of mass to its surrounding
and supporting chemical reactions in its interior is already a
small chemical reactor – but it can also be construed as a model
of primitive cells. The idea of constructing such ‘‘protocells’’
has captivated scientific imagination for several decades but
it has only been very recently that this vision has started
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Fig. 23 Selective permeability and concentration gradients maintained in
vesicles supporting (bio)chemical reactions. (a and b) Enzyme-containing
vesicles degrading toxic substances. In (a), the enzyme (green) can convert
the toxic agent (blue triangles) into an inactive product (red squares). (b) If a
transmembrane pH-gradient between the inside and the outside of the
vesicles is maintained, the unionized toxic agent (T) diﬀuses down the
pH gradient into the vesicle interior where it is trapped in an ionized form
(TH+ for a weak base). (c) A system in which diﬀerence in the membrane
permeabilities of two peptides enables formation of dipeptides only in the
vesicle’s interior. Figures (a and b) adapted with permission from ref. 127.
Copyright 2007 by Nature Publishing Group. Figure (c) adapted with permission from ref. 133. Copyright 2015 by American Chemical Society.

Fig. 22 Evolution of oil droplets. (a) Experimental images showing blue –
movement; red –division; yellow – vibration. The droplets shown are the
best evolved ‘‘species’’ and the images are intended to illustrate that these
species can coexist in the same ‘‘environment’’ (i.e., a Petri dish). (b) Fitness
landscape charts evaluating the ability to move, divide or vibrate as a
function of droplet’s chemical composition. (c) Fitness increases over
successive generations of droplets. The black line corresponds to the median
for each generation, the dark-green regions contain the upper and the lower
25th percentile, and the light-green regions contain the upper and the lower
10th percentile. Figure reprinted with permission from ref. 103. Copyright
2014 by Nature Publishing Group.

to materialize. Indeed, from some 500 Web of Science publications listing ‘‘protocell(s)’’ as a keyword, the ones published
before ca. 2011/2012 are largely ‘‘visionary’’ or theoretical
accounts with most experimental progress being achieved only in
the last four/five years. In particular, several types of systems –
based on phospholipid vesicles105–107 but also water-in-oil emulsion
droplets,108,109 colloidosomes,110 or coacervate microdroplets111 –
have been demonstrated to allow for gene expression,112
switching113 and delivery,114 RNA replication,115,116 and even some
forms of signaling to cells.117,118 Since several biologically-oriented
reviews have recently been published,119–126 we will focus here
more on the non-equilibrium aspects of the droplet-based
reactors, illustrating phenomena that can be used to drive
them away from equilibrium and the types of chemistries they
can support.
The first example is a class of practically important systems,
in which vesicles or liposomes encapsulate enzymes in their
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active forms and can actively ‘‘pump’’ and ‘‘metabolize’’ molecules from their surroundings – in particular, toxic substances
that are then remedied.127 If operating under equilibrium conditions and simply partitioning the toxic agent between the
droplet and its surroundings, such systems do not achieve high
efficiencies. This, however, can be remedied if concentration
gradients are established – for instance, by encapsulating an
enzyme that degrades the toxic agent into water-filled vesicular
structures (Fig. 23a). As the toxin diffuses into the vesicle
(assuming it can permeate its membrane), the enzymes metabolize it and thus maintain an outside–inside concentration
difference that drives more of the toxin inside. Another approach
is applicable only to ionizable substrates and is driven by a
transmembrane pH gradient. Natural molecules can permeate
vesicle membranes more easily than their charged forms, and if
a vesicle supports a pH gradient (acidic or basic for weak bases
or acids, respectively), the unionized compound diffuses into
such a vesicle where it is ionized and trapped128 (Fig. 23b).
These principles have been used in liposomes encapsulating,
for example, sulfurtransferase enzyme degrading cyanide,129 or
organophosphorus acid anhydrolase degrading organophosphorus agents,130,131 and in liposomes whose pH = 4 interior
captured the anticancer drug doxorubicin, decreasing its toxicity while maintaining the drug’s anti-tumor potency.132
Selective membrane permeability and maintenance of concentration diﬀerences were also used to modulate reactivity of
peptides. In a recent example, Grochmal et al.133 constructed a
liposome system, comprising two suitably modified aminoacids – one membrane permeable, AA-NH2, and one membrane
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impermeable and activated, AA-COOR. They showed that the
activated AA-COOR trapped in the liposome was protected
against hydrolysis and reacted nearly quantitatively with the
membrane-permeable AA-NH2 to yield AA-CONH-AA dimer
(Fig. 23c). In sharp contrast, the AA-COOR outside of the
liposome simply hydrolyzed and no dimers were formed. The
authors also showed that this type of selective reactivity is
expected to be favored in smaller vs. larger vesicles suggesting
that biomolecular processes might be regulated by the sizes of
compartments in which they take place.
The changes in the sizes of the droplets upon chemical
reactions have been used creatively to quantify the progress of
reactions these droplets sustain. In one system, Böhm and
co-workers134 prepared water droplets suspended in a carrier oil
and containing catalytically active molecules driving the reactions
of solute molecules. As these reactions progressed, the solute
concentration and the osmotic pressure changed – consequently,
transport of residual amounts of water to/from the surrounding
oil phase was initiated resulting in the changes in droplet’s
volume which effectively reported reaction progress (Fig. 24a).
Remarkably, when cells instead of catalysts were encapsulated in
the droplets and the osmotic pressure changes were due to
cellular activity, it was possible to use such volumetric changes
to quantify cell’s metabolic activity and also distinguish between
droplets containing one or more than one cells. In a conceptually
related approach, Boitard et al.135 placed ‘‘nursing’’ droplets
containing individual yeast cells and nutrients for the fermentation process in contact with ‘‘blank’’ reservoir droplets. As the
products of fermentation diffused to the reservoir droplets,
osmotic transport ensued and the yeast-containing droplets
shrunk (Fig. 24b). With the help of modelling, this shrinkage
was then related to the yeast’s metabolic activity.
Other than maintaining a directional flux of matter, outof-equilibrium processes can also be sustained by the flux
of photons.136,137 In their by-now classic paper Moore and
co-workers138 synthesized a liposome harboring F0F1ATP synthase
and bacteriorhodopsin (BR) and converting the energy of the
impinging visible light into a proton motive force inside the
liposome that then drives the synthesis of ATP from ADP.
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Very recently, Summers and Rodoni139 demonstrated light-driven
vesicles in which the working ‘‘parts’’ were not light-responsive
enzymes but inorganic particles; in this system, lipid bilayer
vesicles were encapsulating TiO2 nanoparticles whose optical
excitation drove the reduction of NAD+ to NADH able to drive
further enzymatic chemistries (Fig. 25).
Another class of droplet systems supports networks of reactions wired in a highly non-linear fashion (involving positive
and negative feedbacks) to give rise to chemical oscillations.140
Chemical oscillators confined to reverse micelles have been
studied since the early 1990s141 but the interest in them has
been rekindled relatively recently in the context of synchronization and ‘‘chemical morphogenesis’’ in oscillator ensembles –
we will see examples of such collective behaviors in Section 3.2
where we discuss communication between active droplets. Here,
we mention only briefly that while the oscillatory behavior in
large droplets is the same as in the bulk phase, stochastic effects
became important for smaller droplets. For instance, Franco and
co-workers142 have recently showed that chemical oscillators
confined to fL to pL droplets exhibit increased variability of
frequencies and/or amplitudes – this is yet another example
(cf. synthesis of dipeptides discussed above), where size of a
droplet reactor can influence the outcome of a process it supports.
Perhaps the most involved form of in-droplet ‘‘metabolism’’
engineered to date has combined the eﬀects of catalysis and
positive feedback to completely autonomously synthesize its

Fig. 25 Scheme of TiO2-containing bilayer vesicles photochemically reducing
NAD+ to NADH. Figure reprinted with permission from ref. 139. Copyright 2015
by American Chemical Society.

Fig. 24 (a) Scheme of concentration and osmotic pressure diﬀerences between droplets undergoing catalytic reactions in initial, intermediate, and final
states. (b) Volume evolution of a droplet containing S. cerevisiae cells (‘‘nursing’’ droplet). Transmission images of droplets at three diﬀerent times
indicated by red arrowheads show the volume decrease. Dashed line represents volume at final equilibrium. Scale bar corresponds to 50 mm. Figure (a)
adapted from ref. 134 with permission from The Royal Society of Chemistry. Figure (b) reproduced with permission from ref. 135.
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Fig. 26 (a) The copper complex catalyst makes its own copy via a click reaction involving three 1-azidododecane (‘‘azide’’) substrates and
tripropargylamine (‘‘alkyne scaﬀold’’). This newly formed molecule is activated into a catalyst upon Cu(I) metalation. (b) The catalyst also makes new
triazole phospholipid from 1-azidododecane (azide) and an alkyne modified lysolipid. (c) Scheme of the entire system whose ultimate role is to
continuously generate new phospholipid membrane from the available precursors. (d) Experimental realization for the system illustrating the growth of a
vesicle driven by the synthesis of the membrane. Scale bar corresponds to 3 mm. Figure reproduced with permission from ref. 143.

own components. In this system,143 a synthetic catalyst comprised an oligotriazole ligand chelating Cu(I) ions – this catalyst
was embedded in a phospholipid membrane and was capable
of making its own copies from 1-azidododecane (azide) and
tripropargylamine (alkyne scaffold) via copper-catalyzed click
reaction (Fig. 26a and c). In addition, the same catalyst was able to
generate the membrane’s phospholipids from 1-azidododecane
(azide) and alkyne-modified lysolipids (Fig. 26b and c). This
intricate autocatalytic mechanism (Fig. 26c) continually transformed simpler, high-energy building blocks into new artificial
membranes, in effect increasing the membrane’s surface area
and the volume of the enclosed vesicle (Fig. 26d). While the
analogies to the growth of cells seem justified, we note that
this system does not yet divide into progenies. In the next
section, we will see some pioneering examples combining
in-droplet synthesis with the instabilities similar to those we
already saw in droplets dividing due to simple surface effects
(cf. Section 2.1).
2.4. Coupling the self-replication of molecules with the
self-replication and evolution of droplets
Sugawara and co-workers144 were the first to demonstrate how
the synthesis of new genetic material inside of a droplet
can cause the self-replication of the droplet itself. In this very
biomimetic and quite advanced system, the authors amplified
DNA (by PCR) inside of giant vesicles (ca. 10 mm in diameter)
enclosed in a polycationic membrane (also comprising some
zwitterionic phospholipids). As the DNA was amplified, some of
its strands attached to the inner surface of this membrane by
electrostatic interaction145 (Fig. 27a and b). Subsequently, this
DNA was covered with the cationic molecules comprising the
membrane and became fully buried in between its two leaflets
(Fig. 27c). Importantly, the system also included amphiphilic

This journal is © The Royal Society of Chemistry 2016

Fig. 27 Key stages in the division of cationic vesicles driven by DNA
amplification (for details, see main text). Figure adapted with permission
from ref. 144. Copyright 2011 by Nature Publishing Group.

catalysts (denoted C in Fig. 27) incorporated in the membrane
and bolaamphiphilic membrane precursors (shown in the right
part of Fig. 27a) outside of the vesicle and having two positively
charged ends, one of which could be hydrolyzed by C.
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These precursors were attracted to the negatively charged DNA
strand buried in the membrane where they were cleaved by C to
generate new building blocks of the membrane (Fig. 27d). Their
generation, in turn, caused the membrane to deform with
a new bulge growing with time and ultimately detaching as a
new vesicle containing some of the original DNA material. We
note that the process was not possible without DNA since the
bolaamphiphilic precursors were then not eﬃciently drawn
into the membrane. Importantly, the authors established that
vesicles in which DNA was successfully amplified by PCR grew
and divided faster than those in which DNA amplification was
not observed – this finding linked the molecular-scale DNA
replication to the division of the vesicle at the scale of several
microns. On the other hand, this system was limited in its ability
to sustain self-reproduction as the fraction of charge-neutralizing
phospholipids in the membrane gradually decreased and ultimately prevented incorporation of more cationic building blocks
and further vesicle division. This limitation was later overcome
by the same group146 by using additional ‘‘conveyer’’ vesicles
which carried the depleted substrates and delivered them – upon
pH-induced fusion – to the dividing, DNA amplifying vesicles. In
this way, the authors were able to achieve a primitive model of
cell cycle comprising four discrete phases (vesicle ingestion,
replication, maturity and division), each of which was selectively
activated by a specific external stimulus.
Adamala and Szostak147 showed that vesicles supporting
chemical reactions can both replicate and undergo basic Darwinian
evolution in which they compete with each other for resources
to ultimately ensure the ‘‘survival’’ of the fittest ‘‘species’’. Their
system comprised fatty acid vesicles enclosing a dipeptide
catalyst seryl-histidine (Ser-His) acting on substrates LeuNH2
and AcPheOEt to synthesize a dipeptide N-acetyl-L-phenylalanine
leucinamide, AcPheLeuNH2 (Fig. 28a). Since this dipeptide was
hydrophilic, it localized to the membrane of the protocells.
The key eﬀect was that this modification of the membrane
increased its aﬃnity toward membrane components – either by
abstracting them from unmodified/native vesicles (Fig. 28b) or
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by preferential uptake and incorporation of micelles added
(Fig. 28c). The authors suggested that such vesicle–vesicle competitive growth is analogous to a predator–prey interaction, in
which the ‘‘predatory’’ population acquires nutrients and grows
at the expense of the ‘‘prey’’ population that shrinks. The authors
also demonstrated that this system is capable of self-replication –
albeit not a self-sustained one – according to the mechanism
illustrated in Fig. 19. Specifically, when initially spherical vesicles
containing 10 mol% AcPheLeuNH2 were ‘‘fed’’ with 100 equivalents of empty oleate vesicles, they developed into thread-like
filamentous vesicles dividing into smaller vesicles upon gentle
mechanical agitation.
Finally, the group of Yomo148 demonstrated elements of
Darwinian evolution in droplets (1–6 mm water-in-oil emulsion)
that contained an artificial genomic RNA encoding – as in natural
organisms – RNA-dependent RNA polymerase (Qb replicase) and
a reconstituted translation system. Such a translation-coupled
RNA replication (TcRR) system becomes vulnerable to selfish or
parasitic RNAs (i.e., strands that do not produce replicase but
instead rapidly replicate themselves), which must be overcome by
the genomic RNA to recursively replicate in the TcRR system.
Yomo and colleagues repeated the replication cycles over many
(180) generations and, quite remarkably, observed two evolutionary patterns that had also been observed in the experimental evolution of bacteria and viruses: (i) that the rate of
increase in fold replication (i.e., fitness) decreased as the experiment/
‘‘evolution’’ proceeded (in bacteria known as ‘‘diminishing return’’);
and (ii) that mutations continued to accumulate at a relatively
constant rate. In biology, this combination of effects is referred
to as a discrepancy between the tempo and the mode of
evolution – the correspondence between the artificial system
and natural organisms means that (i) and (ii) do not depend on
the complexity of natural cells but are rather a common evolutionary feature of asexual self-replicating systems composed of
polynucleotides and proteins. In the context of our review, these
results are noteworthy as they illustrate amply that droplet
‘‘protocells’’ are really coming of age and are becoming relevant
to the real questions the biologists pose.

Part 3. Ensembles of active droplets

Fig. 28 (a) Fatty-acid vesicles encapsulating a dipeptide catalyst, serylhistidine, synthesize a hydrophobic dipeptide (AcPheLeuNH2) that incorporates into the vesicle’s bilayer membrane. (b) Vesicles with AcPheLeuNH2 in
the membrane (red) grow when mixed with vesicles without dipeptide
(gray), which shrink. (c) These vesicles also grow more than ‘‘blank’’ vesicles
when additional micelle ‘‘food’’ is added. Figure adapted with permission
from ref. 147. Copyright 2013 by Nature Publishing Group.
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The reactive droplets/vesicles and ‘‘protocells’’ we discussed in
the previous section were able to support various (bio)chemical
processes by uptaking chemicals from their surroundings.
Such uptake was regulated by the properties of the membrane,
including its ability to pass non-polar (e.g., in detoxifying
vesicles) or polar molecules (e.g., Sugawara’s self-replicators)
and also by other modalities that we did not cover in detail
(e.g., electrostatic gating,149 hydrophobic swelling and gating,150
or transport controlled by Pickering emulsions151). While
research on the modalities of mass transport between individual
droplets/vesicles and their bulk environment continues, there
is also growing interest in ensembles of droplets that would
be able to selectively ‘‘talk’’ with one another via exchange of
chemical messengers.
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3.1.

Chemical oscillators coupled by diﬀusive transport

Chemical oscillators are among the most complex networks of nonbiological reactions involving non-linear kinetics and feedback
loops. Fig. 29a and b show the reactions and the corresponding
‘‘wiring’’ diagram for a variant of the famous Belousov–Zhabotinsky,

Fig. 29 (a) The key reactions involved in a modified152 version of the
famous Belousov–Zhabotinsky (BZ) oscillator involving A  BrO3, B  Br2,
H  H+, M  CH2(COOH)2, M 0  BrCH(COOH)2, O  oxidation products
(i.e., CH2O, COOH, CO2), P  HOBr, T  triggering reagent (e.g., CH2O or
CH3OH), X  HBrO2, Y  Br, Z  Fe(phen)33+ (oxidized ferroin indicator
colored blue), and Z 0  Fe(phen)32+ (reduced ferroin, pale red). These
reactions manifest themselves in rhythmic color oscillations and propagating chemical waves. (b) Wiring scheme of the oscillator illustrates the
coupling and feedbacks between the reactions. Here, red circles represent
chemical species (for simplicity, H+ is omitted), and blue diamonds
represent chemical reactions. The species on the left ‘‘feed’’ the dynamic
system of ‘‘metabolic’’ reactions in the outlined region; ‘‘waste products’’
are emitted to the right. The highlighted green arrow corresponds to the
autocatalytic production of X by reaction R5 0 . Such autocatalysis is
necessary (but not sufficient) for oscillatory behavior. (c) A ‘‘phase diagram’’
of various patterns observed in the system of reverse-emulsion nanodroplets each supporting BZ oscillations. Vertical axis is the volume
fraction occupied by water droplets. Horizontal axis gives a measure of
the oxidizing power of the BZ reactant mixture. (d) Morphogenesis in 2D
arrays of droplets supporting BZ oscillations: (1) initial, uniform state;
(2) droplets differentiated in terms of their oxidation states; (3) droplets
differentiated in terms of both oxidation states and sizes. Figures (a and b)
reproduced with permission from ref. 157, Copyright 2009 by John Wiley
and Sons. Figures (c and d) reproduced from ref. 153 with permission from
The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2016

Chem Soc Rev

BZ, system152 capable of temporal oscillations and, in extended
media, of propagating chemical waves. This and other oscillators
have been studied for decades but it has only been recently that
Epstein’s group considered ensembles of oscillators confined to
microscopic liquid droplets. Since an excellent review on this
topic has recently been published,153 we will highlight only the
most significant aspects.
Epstein’s early systems were based on BZ oscillators confined to nanometer-sized water droplets stabilized with anionic
surfactants and suspended in oil. Despite large fluctuation in
the concentration of BZ components confined to each droplet,
collections of such droplets could propagate surprisingly regular
spatio-temporal patterns (Fig. 29c), some of which are not seen
in bulk BZ systems. Such regularity can be ascribed to the
two modes of inter-droplet ‘‘communication’’: (i) via collisions
of the Brownian droplets and the collision–redispersion mechanism; and (ii) the diffusion of the less polar intermediates
the reactions generate, in particular Br2 inhibitor and BrO2
activator. Interestingly, Br2 diffuses through the oil phase
slower than BrO2, and the system can produce the temporally
stationary but spatially periodic Turing patterns implicated
in morphogenesis and emergence of animal coats and skin
pigmentation.154 Since in emulsions of nanoscopic droplets it
is impossible to address individual oscillators, Epstein’s team
has also developed systems of larger droplets which could be
arranged into desired patters and individually controlled.155
In microfluidic channels, they were able to construct 1D arrays,
in which the individual droplets were addressed using 450 nm
light which acted on the (Ru(bipy)3) co-catalyst/photosensitizer
to reduce the main ferroin catalyst controlling the BZ system.
Because the coupling between the adjacent droplets was
negative – due to the diffusion of the Br2 inhibitor through the
oil phase – these droplets exhibited mostly antiphase oscillations,
though patterns comprising mixtures of stationary and oscillatory drops or containing short sequences of in-phase neighbors
were also observed in some parameter ranges. 2D arrays of
hexagonally ordered droplets were also prepared which exhibited
mixed stationary-oscillatory or partly out-of-phase behaviors.
Perhaps the most exciting result from these studies has been a
verification of Turing’s prediction that the interaction of reaction kinetics and intracellular diffusion can give rise to instabilities that ultimately lead to physical morphogenesis.156 This
result is illustrated in Fig. 29d, whereby droplets initially nearly
homogeneous in both size and chemical composition first
evolve into a Turing pattern made of oscillators in reduced
and oxidized steady-states, and ultimately into a pattern in
which the reduced droplets grow at the expense of the oxidized
ones (i.e., into an ensemble comprising two physically distinct
sub-populations).
Thutupalli et al.158 demonstrated an interesting extension
of the above concepts to prevent diﬀusive coupling of distant
droplet oscillators and, instead, make them communicate only
upon direct contact. To this end, the authors suspended the
aqueous droplets/vesicles in a mono-olein oil which formed
a dense bilayer around the droplets. Importantly, the CQC
double bonds within the surfactant layer acted as scavengers
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Fig. 30 (a) Synchronization of BZ oscillations upon contact between bilayer-coated vesicles. The black line measures the distance between the ‘‘blue’’
and ‘‘red’’ vesicles – note that the oscillations between these vesicles synchronize only when they come into intimate contact at ca. 110–120 s.
(b) Transmission of BZ reaction pulses across touching liposomes. White arrows indicate the direction of pulse propagation. Figure (a) adapted from
ref. 158 with permission from The Royal Society of Chemistry, figure (b) adapted from ref. 159 with permission from The Royal Society of Chemistry.

for bromine and eﬀectively minimized diﬀusive coupling between
the droplets – such coupling could then take place only when the
droplets came into intimate contact. When this happened, the
droplets were able to synchronize their oscillations as illustrated
by the time traces in Fig. 30a.
Contact activation was also demonstrated159 in liposomes
intended as rudimentary mimics of biological compartments.
In these liposomes, the inner aqueous medium supporting BZ
oscillations was encapsulated in a gel-like membrane made
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) which
could withstand harsh conditions of the BZ reaction and,
additionally, prevented the contents from diﬀusing out. When
suspended in an aqueous medium, the liposomes formed stable
clusters in which oxidation waves were able to propagate at the
points of contact, across the gel membranes (Fig. 30b).
Finally, in an elegant recent study, Guzowski et al.160 used
a microfluidic platform to generate various arrangements of
BZ-supporting droplets (diﬀering in size and/or composition)
inside of oil shells. They found, inter alia, that the period of
oscillations increased with decreasing droplet size and ultimately
vanished for very small, nanoliter droplets. When multiple droplets
communicated with one another, their resonance frequencies
depended on relative sizes but the excitation of larger droplets
always induced the excitation of smaller ones – as the authors
noted, this latter finding points to an interesting possibility of
directional transmission of chemical signals along ‘‘chains’’ of
droplets of decreasing sizes.
3.2. Droplets communicating via membrane-embedded
channels and pores
Whereas in the above examples, the diﬀusing intermediates
could enter various compartments from diﬀerent directions,
Bayley’s group has developed a family of systems in which
the droplets shared a lipid bilayer in which channel-forming
proteins were embedded to define discrete entry points which,
in addition, could support directional transport. In their first
demonstration161 of such droplet-interface bilayer, DIB, networks,
water droplets few hundred microns in diameter were stabilized
with 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) and
were suspended in hexadecane. When such droplets were
brought into contact, they did not merge but shared 4100 mm2
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of common bilayer interface into which wild-type (WT) staphylococcal a-hemolysin (aHL) heptamer was inserted (Fig. 31a and b)
allowing for the passage of ionic current. Multiple droplets
of diﬀerent chemical contents could be connected together in
various configurations forming rudimentary ‘‘cellular’’ functional
systems. In one interesting example, the authors combined ionic
gradient with an ion-selective pore to make a ‘‘biobattery’’ generating a transmembrane potential across one droplet interface,
which then powered processes occurring at another droplet–
droplet interface. In the arrangement shown in Fig. 31c, droplet
A contained moderately anion-selective N123R aHL homoheptamer and 100 mM NaCl, droplet B contained 1 M NaCl,
and droplet C – connected to B via M113F/K147N aHL homoheptamer and also containing b-cyclodextrin – contained 1 M
NaCl (all droplets were at pH = 7.5). The N123R pores allowed a
higher flux of Cl relative to Na+ ions from B to A, which in turn
produced +30 mV potential at the BC interface. Assemblies of
six droplets were also constructed and generated ionic currents
as high as 390 pA. Another network of four droplets incorporating light-driven proton pump, bacteriorhodopsin, was capable
of light sensing.
In subsequent work,162 the same group connected the droplets
via pores from staphylococcal a-haemolysin, aHL, which allowed
only for directional ionic current flows. In this way, they were able
to show diode behavior across droplet–droplet interfaces and
construct functional droplet-based electronic circuits such as a
four-droplet bridge rectifier converting an alternating current into
a direct current (Fig. 31d).
In ref. 163, the requirement for the bulk oil phase housing
the aqueous droplets was abolished – instead, Bayley’s team
implemented structures they called ‘‘multisomes’’, in which
networks of aqueous droplets with defined compositions were
encapsulated within small drops of oil, which in turn were
suspended in water. All phases/components were, as before,
connected through bilayer interfaces containing membrane pores.
The advantage of this system over the earlier ones was that
the inner water droplets were able to communicate with the
outer aqueous phase and thus respond to the changes in pH
or ‘‘outside’’ temperature, mimicking the living tissues, as the
authors suggested. The analogies to tissues were further substantiated in ref. 164 where tens of thousands of picoliter
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3.3.

Fig. 31 (a) Scheme illustrating two droplets connected by a bilayer interface
incorporating a channel protein. (b) An experimental image of two such
droplets suspended from two electrodes. Scale bar corresponds to 700 mm.
(c) Arrangement of three droplets connected by ion channels and forming a
‘‘biobattery’’. Following the insertion of two pores at the BC interface, the
power supplied by the ‘‘biobattery’’ enabled the observation of ionic currents
controlled by b-cyclodextrins binding to ion channels. Current levels 0, 1,
and 2 indicate, respectively, both pores open, one pore open and one pore
partially blocked, and both pores partially blocked by b-cyclodextrins. (d) (left)
A bridge rectifier for AC-to-DC conversion; (middle and right) scheme and
optical image of a four-droplet network using 7R-aHL to create a bridge
rectifier. (e) Scheme of two droplets connected by a lipid membrane and
swelling/shrinking due to osmolarity diﬀerence. (f) Experimental images (left
column) and computer simulations (right column) of a ‘‘flower’’ structure
made of droplets and folding over 8 hours into a hollow sphere. Scale bar
corresponds to 200 mm. Figures (a–c) reprinted with permission from ref. 161.
Copyright 2007 by American Chemical Society. Figure (d) reprinted with
permission from ref. 162. Copyright 2009 by Nature Publishing Group. Figures
(e and f) adapted from ref. 164. Reprinted with permission from the AAAS.

droplets were ‘‘ink-jet’’ printed into extended structures. In
addition to sustaining electrical communication over such structures, it was shown that if the droplets differed in the concentration of the salt solutions they carried, water flow across the
bilayer interface caused the higher-osmolarity droplet(s) to swell
and the lower-osmolarity droplet(s) to shrink (Fig. 31e) until their
chemical potentials equalized. When layered structures of such
droplets were printed, swelling–shrinking caused macroscopic
folding – one example is shown in Fig. 31f where a flower-shaped
droplet network gradually folded into a hollow sphere, with shape
changes close to those predicted by modelling.
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Theoretical models of communicating droplets

Given the rapid strides in the development of experimental
systems of communicating droplets, it is important to at least
briefly mention recent advances in the development of theoretical models – notably, those that extend beyond static
collections of droplets and aim to describe dynamic ensembles
capable of both communication and autonomous movement.
The Balazs group in particular has published a series of interesting
papers165–167 summarized recently in ref. 168. They considered
collections of liquid droplets each enclosed in an elastic, permeable shell enabling release and/or uptake of certain signaling
species. The signaling molecules (‘‘agonists’’ and ‘‘antagonists’’)
were assumed to modify the permeability of the nearby droplets
establishing concentration gradients between them. In the model,
the droplets were adherent on a solid substrate, and the gradients
of the signaling molecules they emitted translated into the gradients of surface adhesiveness. The droplets then moved from less
adhesive to more adhesive regions – effectively, they exhibited
‘‘autochemotaxis’’ in response to the gradients they themselves
set up. Based on these phenomena, the collections of droplets
were predicted to exhibit self-sustained motions, form larger
assemblies, follow ‘‘leader’’ particles, pick-up and transport
other capsules, and few more. Interestingly, the emergence of
collective particle behaviors in response to self-established
chemical gradients has also been postulated for the case of
catalytic surface reactions rather than release/uptake ‘‘communication’’.169 This points to certain generality in how relatively
simple physico-chemical phenomena can enable collective
behaviors of active droplets, though the models certainly await
experimental validation. We also envision that in the fullness of
time, multiscale models will be developed to guide the design
of systems that hierarchically combine multiple properties we
have so far discussed – for example, droplets in which inner
metabolism would power the tactic motions that would then
allow the droplets to find nutrients to enable further growth
and self-reproduction, ultimately giving rise to higher-order,
tissue-like assemblies performing collective functions (i.e., beyond
those possible at the level of individual cells).

Part 4. Droplet-based devices
4.1.

Droplet microfluidics

Whereas the studies we described in previous parts were largely
driven by scientific curiosity, there has also been growing
interest in applying droplets in practically important devices.
The area that has attracted most interest – indeed, by far – has
been microfluidic platforms in which droplets of well-defined
sizes and shapes170 can be prepared reproducibly and in large
numbers. Such systems are non-equilibrium insofar as the
droplets move in a flow and also in situations when analytes
are ‘‘injected’’ into them (or products removed), or when they are
subject to time-varying external stimuli (as in in-droplet PCR
systems). Initially, such droplets have been shown to support
rapid, advective mixing171,172 and served as miniscule chemical
reactors173 supporting, for example, microcrystallization,174–177
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droplet-microfluidics platform, these authors were able to
construct the landscape and principles of mammalian DNA
regulatory variation while also relating single-cell properties to
three-dimensional genome (chrmomatin) organization. Recently,
Weitz and Kirschner201 implemented a high-throughput dropletmicrofluidic approach to barcode RNA from thousands of individual mouse embryonic stem cells and to deconstruct cell
populations and infer gene expression relationships. Another
notable recent result from the Weitz group has been the
droplet-based purification of any single viral species from a
complex mixed virus sample and the retrieval of complete genome
sequences.202 As said, single-cell analysis in microdroplets develops
quite explosively and holds great promise for understanding
the role of cell-to-cell variability and, ultimately, for personalized
medicine.203
4.2.
Fig. 32 (a) Cells (indicated by black arrows) encapsulated within droplets.
(b) Chlamydomonas reinhardtii cells cultured in microdroplets for 3 days.
(c) Comparison between conventional bulk analysis (left) and droplet
based PCR (right): if a rare target is present within the mixture, an average
signal will be acquired. In contrast, encapsulation of targets within droplets
allows for quantitative results at the single-cell level. Figure (a) adapted
with permission from ref. 204. Copyright 2013 by American Chemical
Society. Figure (b) reproduced from ref. 205 with permission from The Royal
Society of Chemistry.

synthesis of microparticles,178,179 nanoparticles,180–182 nanorods183
and small organic molecules.184
Gradually, the focus of this research shifted towards biological applications, especially those allowing for the analyses of
single cells encased in microdroplets185 (Fig. 32a) constituting welldefined liquid environments, preventing cross-contamination,
and allowing for biomechanical or physical conditions to be
adjusted flexibly in small volumes. Since numerous excellent
reviews have been published186–188 we highlight only some
illustrative examples. Cells in droplets have been analyzed for
the molecules they secrete (antibodies189 or enzymes190) as well as
for processes such as cell division and growth of cell cultures191
(Fig. 32b), and in screening for drug effects (e.g., antibiotic
resistance192). A very vibrant area of research is the genomic and
transcriptomic studies based on microdroplets housing individual
cells. Such constructs enable PCR (polymerase chain reaction)
analyses193–197 minimizing usage of reagents and also allowing
one to acquire cell-specific results – this is in contrast to traditional
readout modalities averaged over population of heterogeneous
cells (Fig. 32c), although it should be mentioned that single-cell
analyses not requiring droplets have also been recently developed
(cf. ref. 198).
One interesting droplet-based, microfluidic platform was
developed by Quake and Messerschmidt199 and combined
PCR with other operations on individual in-droplet cells (lysing,
digesting of genomic DNA) to measure the DNA methylation
state of multiple target sites in single cells. Buenrostro et al.200
studied fundamental mechanisms that generate variability
from identical DNA sequences – using a programmable
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Electrical power generators

Turning away from biology, we review energy-generating devices
capitalizing on the ability of droplets to store electric charge. The
classical example here is the so-called Kelvin water dropper
developed by William Thomson (Lord Kelvin) in 1867. In this
device (Fig. 33a), two metal containers are connected to two
metallic rings. Initially, due to stochastic eﬀects, one of the
containers – and the ring connected to it – has infinitesimally
more charge then the other; this bucket-ring pair is denoted
as ‘‘’’ and the other pair as ‘‘+’’. When a T-shaped water pipe is
placed above the rings, electrostatic induction causes droplets
forming above the ‘‘’’ ring to carry a miniscule amount of
positive charge. Conversely, the droplets forming above the
‘‘+’’ ring are negatively charged. When these droplets fall, they
transfer their charges to, respectively, the ‘‘+’’ and the ‘‘’’
containers thus increasing their charges and the potential
difference. As more droplets fall, this potential difference also
increases and can become high enough (kV’s) to cause dielectric
breakdown (sparking) between the containers. In 2013, the team
from the University of Twente in the Netherlands miniaturized
the Kelvin’s generator into a PDMS-based microfluidic device.206
In their design (Fig. 33b), picoliter droplets were produced at
the rate of 103 Hz, passed over planar induction electrodes,

Fig. 33 (a) Scheme of Kelvin’s water dropper and (b) the microfluidic
version developed by the Twente team in 2013. Rings/planar induction
electrodes are denoted as R1 and R2; the containers/collector electrodes
connected to them are denoted C2 and C1, respectively. Figure adapted
from ref. 206 with permission from The Royal Society of Chemistry.
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and travelled downstream to larger electrodes collecting the
charges – although droplet charges were only B0.2 pC, this
small system was capable of rapidly developing a potential
difference of several kilovolts.
One of the recognized limitations of electrostatic generators
such as those of Kelvin is that even though they give rise to
large voltages, they do not generate sustainable currents. The
group of Pak207 has recently demonstrated an interesting device
in which AC currents were produced as a result of charge
redistribution on a single droplet of water subject to mechanical
agitation. In their system, a water droplet was placed between
two parallel conductive plates – the top one covered with PTFE
deposited on indium tin oxide, ITO, and the lower one covered
with ITO only (Fig. 34a). As the ions accumulated near the
droplet/plate interfaces, they induced image charges in the
conductors such that the PTFE/ITO–water–ITO system corresponded to two serially connected electrical double layer
capacitors.208 Since the areas of contact water made with the
PTFE/ITO and the ITO plates were different (on account of
different wettabilities), the charges and the capacitances were
also different. Then, when the plates were vertically vibrated,
the capacitors periodically charged and discharged giving rise
to an alternating current between the plates (Fig. 34b). A single
water droplet could generate up to tens of nW of power. When
several droplets were used, 1 mL of water could generate 1.5 mW
(with the density of 0.3 mW cm2), enough to power small
electronic devices (Fig. 34c).
The idea developed by Pak207 was extended to ionic liquids,209
ILs, whose low volatility combined with the ability to work in
both low and high temperatures (0 1C or 100 1C) make them
suitable for open systems based on the modulation of electrical
double layers. Five imidazolium-based ILs were synthesized
([EMIm][N(CN)2], [BMIm][N(CN)2], [EMIm][BF4], [EMIm][SCN]
and [BMIm][NO3], where EMIm corresponds to 1-ethyl-3-methylimidazolium and BMIm to 1-butyl-3-methylimidazolium) and
were used to bridge an ITO lower plate and an upper plate of ITO
additionally covered with hydrophobic Teflon AF. It was found
that [EMIm][N(CN)2] generated highest eﬀective power (on the
order of 1 nW) which was attributed to the most pronounced

variations in the surface areas for this IL and to strong adsorption of the [EMIm]+ cations (stronger than in longer-chain [BMIm]+
cations210). To study the eﬀects of temperature, the authors chose
the [EMIm][BF4] IL because of its thermostability. At 25 1C,
the power was very low (o1 nW) but increased to 12.1 nW at
100 1C – that is, close to the value harnessed from water
droplets at room temperature. This result was explained by the
decrease in ion association211,212 and viscosity213 with temperature increase. It was also estimated that 1 m2 of a system based on
58 000 IL droplets would be able to generate 0.12 mW of effective
power at room temperature or 0.70 mW at 100 1C, sufficient to
power portable electronic devices.
A diﬀerent class of systems made use of the so-called contactcharging phenomena whereby charges are developed on two
surfaces that are brought into contact and then separated (with
or without friction).214–217 In one of many designs,218–221 Helseth
and Guo described222 a droplet of water resting on an Al
electrode and periodically contacted by an Al cantilever covered
with a hydrophobic film of fluorinated ethylene propylene,
FEP (Fig. 35a).
Upon the initial contact between the droplet and FEP
(Fig. 35b), negative charge developed on the polymer’s surface
and the corresponding positive charge on the droplet’s surface.
In response to the charges developed at the water/FEP interface, electrons flew from the top to the bottom Al plate – the
former developed positive image charges and the latter became

Fig. 34 (a) Scheme of a water bridge formed between two conductive
plates and (b) charge flow during modulation of the distance between the
plates. (c) System of 15 droplets for enhanced power generation was
shown to power three LEDs connected in parallel. Total volume of droplets
is about 1 mL, scale bar corresponds to 5 mm. Figure reprinted with
permission from ref. 207. Copyright 2013 by Nature Publishing Group.

Fig. 35 (a) Scheme and a photograph of a power-generating system
based on periodic contact between a water droplet resting on Al and
a FEP/Al top surface. (b) Scheme of the EDL and the image charges
developed at diﬀerent regions of the assembly (and at diﬀerent times).
Figure adapted with permission from ref. 222. Copyright 2015 by American
Chemical Society.
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Fig. 36 Working mechanism of TENGs based on (a) pre-charged and (b) initially neutral dripping water droplets. Figure adapted with permission from
ref. 223. Copyright 2014 by John Wiley and Sons.

negatively charged. Subsequent release of the droplet from the
FEP/Al electrode caused partial discharge, and subsequent
contact re-created the EDL at the water/FEP/Al interface. The
electrons in the connected Al plates moved back and forth in
response to these changes giving rise to an AC current. The
average power generated by the system was 0.7 mW with a peak
power around 5 mW. At a frequency of 5 Hz, a 200 mL droplet of
pure water could light up a light-emitting diode.
Electrostatic induction and contact electrification have
also been used to transduce the energy of falling droplets into
electrical energy. Two designs of the so-called triboelectric
generators,223 TENGs, are illustrated in Fig. 36. In the arrangement
in Fig. 36a, the falling water droplets are already pre-charged due
to contact electrification with air or pipes.224–226 When approaching the PTFE film, the charge of the droplet induces electron flow
to establish image charges in the Cu electrode. When the droplet
breaks off the inclined surface, the electrons flow back from the
Cu electrode, giving rise to AC current. In the design shown in
Fig. 36b, the droplets are initially neutral but contact-charge when
impacting an inclined PTFE surface.227,228 When the droplet
detaches from PTFE, the polymer’s charge is being compensated
by the outflow of electrons from and the polarization of the
Cu electrode. When a new droplet falls, its positive charge at the
water/PTFE interface causes the back-flow of electrons into the Cu
electrode, such that the positive image charge therein decreases.
When the droplet detaches, however, the surface charge left on the
PTFE again needs to be compensated by the outflow of electrons
from and build-up of positive charge in the Cu electrode. The cycle
then continues with every falling droplet giving rise to a sustained
AC current. In such TENGs, a single 30 mL droplet can generate
peak voltage of 9.3 V and a peak current of 17 mA, with the overall
output of current and power density reaching 1.5 mA cm2 and
20 mW cm2, respectively. It was also shown that tap water
dripping from a faucet could power 20 LEDs or charge a commercial 33 mF capacitor. It is worth noting that as the research on
TENGs continues and rapidly expands, new, more economical and
easy-to-process materials are being developed229 as well as systems
in which the energy of droplets (e.g., from rainfall) is harvested
simultaneously with the energy of sunlight and wind.230

4788 | Chem. Soc. Rev., 2016, 45, 4766--4796

Fig. 37 (a and b) Oscillation of a water droplet due to an acoustic wave.
Scheme of the acoustic energy harvesting device (c) before and (d) after
acoustic-wave-induced droplet oscillation. Figure reproduced with permission from ref. 232. Copyright 2015 by Elsevier.

As the last example in this section, we mention a system in
which energy was harvested from a water droplet oscillating
under the influence of an acoustic wave231,232 (Fig. 37a and b).
Since the droplet was attached to a flexible piezocantilever
(Fig. 37c), its oscillation caused cantilever’s bending (Fig. 37d),
in eﬀect generating electric power due to the piezoelectric eﬀect.233
The bending displacement of the cantilever and the voltage
generated were strongly aﬀected by the applied frequency and
were proportional to the droplet size. The output power generated from the piezocantilever reached 80 mW for a 6 mL droplet.
With such a droplet, the authors were able to charge 0.1 and
1 mF capacitors with maximum voltages of 143 and 176 mV,
respectively.
4.3.

Dynamic lenses

An inherent feature of droplets is the curvature of their surface
which suggests uses as lensing elements. A potential advantage
of liquid over solid lenses234 is that, as we have already seen in
this review, the curvature of a liquid droplet can be changed
flexibly by various external stimuli. This assumption underlies and
eﬀort on liquid microlenses.235 For example, Shimoyama et al.236
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to interface their device with a commercial contact lens (Fig. 39c);
they suggested the potential uses of such a device in the correction
of presbyopia. For more examples, the reader is directed to a
recent review on liquid microlenses, ref. 235.
4.4.

Fig. 38 (a) Scheme of a droplet-based lens and (b) its deformation under
applied bias. Figure reproduced from ref. 236 with the permission of AIP
Publishing.

developed lenses in which a droplet of water was encapsulated
between an ITO electrode and a micron-thin, optically transparent film of parylene (poly p-xylylene polymer) covered with
a 5 nm-thick Au layer (Fig. 38a). Under applied voltage, the
electrostatic forces attracted the flexible electrode towards the
ITO support – this effect was most pronounced around the
droplet’s perimeter (where ITO and Au were in close proximity)
such that the droplet beaded-up changing the focal length.
These changes were fully reversible, and the system returned to
its initial shape when bias was removed (Fig. 38b). Based on
this principle, the authors demonstrated single varifocal lenses
of diameters between 20 mm and 30 mm that were also used to
form varifocal lens arrays.
Jiang and Li237 fabricated a variable-focus liquid lens that
could be wrapped onto a curved support. In their design, a
PDMS lens chamber housed water/silicone oil mixture and
defined the lens aperture (Fig. 39a). Electrodes were printed
onto the PDMS support and inside the chamber. The radius
of curvature of the water/oil interface was then controlled by
the voltage applied between the two electrodes, due to the
so-called electrowetting phenomenon.238 Interestingly, above
some threshold voltage, the droplet changed the sign of its
curvature – that is, from a convex to a concave lens (Fig. 39b).
The authors capitalized on the flexibility of the PDMS support

Sensors

Finally, droplets have also been used as sensing elements.
In one example, Cheng et al.,239 used a 3 mm mercury droplet
sandwiched between an aluminum electrode coated with a
layer of dielectric BaSrTiO3 and a slightly curved aluminum
disk/corrugated stainless steel diaphragm serving as a compression mechanism (Fig. 40a). Due to the curvature of the disk, the
mercury drop was forced to the center of the aluminum disk
each time the diaphragm retracted. The entire assembly was
mounted inside an open-cavity of a 24-pin DIP IC (dual in-line
package integrated circuit; Fig. 40b). As external pressure was
applied to the sensor, the contact area between the droplet and
the electrode changed and so did the capacitance, by more than
6 mF over a pressure range from 0 to 3 kPa (with sensitivity/
resolution of 2.24 mF kPa1).
A conceptually related design was reported by Pan et al.240
who placed a glycerol/electrolyte (NaCl) droplet in a chamber
enclosed between two polyethylene terephthalate (PET) flexible
membranes coated with a conducting layer of indium tin oxide
(ITO) (Fig. 41a). The working principle was that the capacitance of
an electrical double layer (EDL) is proportional to the area of the
contact interface. In the particular sensor, elastic deformation of
the polymer membranes deformed the droplet, increased its area
of contact with the membranes, and caused a change in the
interfacial capacitance. The device was optimized with respect to
chamber dimensions and droplet size reaching resolution of
1.8  0.4 Pa and sensitivity of 1.58 mF kPa1. The usefulness of
the device was demonstrated by applying it to record blood pressure
variations; a sensor 6 mm across (Fig. 41b), with membranes
separated by 140 mm, and encasing a 3 mL electrolyte droplet was
attached to the skin above the carotid artery (Fig. 41c) and was able
to monitor blood pressure accurately and in real time (Fig. 41d).
The change of capacitance with changing interfacial area
was also used by Kim et al.241,242 in sensors based on arrays of
liquid-metal droplets. The device shown in Fig. 42a comprised
two layers of microelectrodes and a 6  6 array of mercury
droplets positioned in PDMS wells connecting the overlapping
portions of the electrodes. When the array was touched by

Fig. 39 (a) 3D and (b) cross-sectional schemes of an electrowetting-driven liquid lens on a flexible, hemispherical support. The bottom row of images in
(b) shows the experimentally observed changes in the droplet’s curvature. (c) A photograph of the device wrapped onto the surface of a commercial
15 mm contact lens. Figure reproduced from ref. 237 with the permission of AIP Publishing.
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Fig. 42 (a) Scheme of a droplet-based array of capacitive sensors. (b) Acryl
stamps and accuracy of shape recognition. Figure reproduced with permission from ref. 241. Copyright 2015 by Elsevier.

Fig. 40 (a) Scheme and (b) photograph of a Hg-droplet-based pressure
sensor mounted inside of a standard 24-pin DIP IC. Figure reproduced
with permission from ref. 239. Copyright 2010 IEEE.

letter-shaped acrylic stamps (‘‘M’’, ‘‘N’’ and ‘‘T’’; Fig. 42b), each
droplet gave the reading of local pressure, and the entire droplet
array reconstructed pressure distribution.
As the last example in the section, we highlight a chemical
capacitive sensor in which an evaporating droplet is used to detect
sub-femtomolar concentrations of DNA molecules in microliter
volumes.243 In this device, the droplet is placed on and elongates
along an array of nanotextured hydrophobic nickel electrodes
acting as a cathode and an anode in impedance measurements
(Fig. 43). As water evaporates, concentration of the DNA molecules
in the droplet increases, which consequently leads to an increase
in the solution’s conductance (equivalently, a decrease in the
magnitude of impedance). It was shown that within 20 minutes,
the sensor can generate a signal for concentrations of 850 bp DNA
as low as 60 attomolar (60  1018 M).

Fig. 43 Scheme and the working principle of a sensor in which evaporation
of a water droplet placed on an array of electrodes changes the concentration of DNA resulting in the change of impedance. Figure reproduced with
from ref. 243 with permission from The Royal Society of Chemistry.

5. Summary and outlook
One thing that we hope is apparent from our survey is that there
has been much very recent research on ‘‘active droplet’’ systems
and their applications – indeed, some 55% of all the references
cited have been published after 2010. Many of these works are
fundamental in nature but some have potential for transformative
applications. For example, while we feel that research on tactic,
self-replicating, and evolving protocells is largely curiosity-driven

Fig. 41 (a) Scheme of the droplet-based interfacial capacitive sensor. (b) Size of the sensors in comparison to a one cent coin. (c) Droplet-based
ultrasensitive sensor applied to continuously record the blood pressure. (d) Blood pressure variations recorded at the carotid artery. Figure reproduced
from ref. 240 with permission from The Royal Society of Chemistry.
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(and is unlikely to produce systems rivalling the complexity and
usefulness of real cells in a foreseeable future), we envision
significant potential for similar systems acting as miniscule
reactors enabling processes that would otherwise be hard to
achieve, for example in harsh conditions in the medium surrounding the droplet. Additionally, very small droplets can affect
reaction outcomes due to their curvature. In a recent example,
Fallah-Araghi, Karplus and Griffiths have shown244 that chemical
equilibria of reactions occurring inside droplets can change
depending on the droplet’s curvature. Then, with systems of
connected droplets, one could also entertain an idea of ‘‘chemical
factories’’ supporting ‘‘chains’’ of reactions, whereby intermediates are transferred from one droplet reactor to another
to ultimately form a reaction ‘‘chain’’.245,246 Although we have
seen some very exciting examples of such systems in Section 3.2
(H. Bayley’s work), it must be remembered that inter-droplet
connections used there were based on biological pumps, which
are not going to function under most non-biological conditions.
One challenge for future research is therefore to develop new types
of more robust, artificial pumping systems that would connect the
droplets to each other and/or to their surroundings.
Regarding the practically relevant devices, many of the
examples we have seen in Part 4 are just toy models but we see
much hope in droplet-based energy generators (cf. Section 4.2),
especially if they could be up-scaled to large areas – one could
then envision applications such as roof coatings converting the
energy of raindrops into electrical energy. There will also, no
doubt, be new types of droplet-based sensors capitalizing on the
deformability of droplets and concomitant changed in the EDL,
but it is unclear to us whether they could rival or replace
traditional MEMS. Finally, one area that might sound somewhat
futuristic is in using droplets as computing units. There have
been some examples of such systems (e.g., droplets encrypting/
decrypting signals247 or acting as logic gates248–251) but one might
be somewhat skeptical whether they could in any way approach
the capabilities of silicon-based computing machines.
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A. Schönegger, J. Klughammer and C. Bock, Cell Rep.,
2015, 10, 1386–1397.
199 L. F. Cheow, S. R. Quake, W. F. Burkholder and
D. M. Messerschmidt, Nat. Protoc., 2015, 10, 619–631.
200 J. D. Buenrostro, B. Wu, U. M. Litzenburger, D. Ruﬀ, M. L.
Gonzales, M. P. Snyder, H. Y. Chang and W. J. Greenleaf,
Nature, 2015, 523, 486–490.
201 A. M. Klein, L. Mazutis, I. Akartuna, N. Tallapragada,
A. Veres, V. Li, L. Peshkin, D. A. Weitz and M. W. Kirschner,
Cell, 2015, 161, 1187–1201.
202 H.-S. Han, P. G. Cantalupo, A. Rotem, S. K. Cockrell,
M. Carbonnaux, J. M. Pipas and D. A. Weitz, Angew. Chem.,
Int. Ed., 2015, 54, 13985–13988.
203 H. Zec, D. J. Shin and T.-H. Wang, Expert Rev. Mol. Diagn.,
2014, 14, 787–801.
204 I. Platzman, J.-W. Janiesch and J. P. Spatz, J. Am. Chem.
Soc., 2013, 135, 3339–3342.
205 J. Pan, A. L. Stephenson, E. Kazamia, W. T. S. Huck,
J. S. Dennis, A. G. Smith and C. Abell, Integr. Biol., 2011,
3, 1043–1051.
206 A. G. Marin, W. van Hoeve, P. Garcia-Sanchez, L. Shui,
Y. Xie, M. A. Fontelos, J. C. T. Eijkel, A. van den Berg and
D. Lohse, Lab Chip, 2013, 13, 4503–4506.
207 J. K. Moon, J. Jeong, D. Lee and H. K. Pak, Nat. Commun.,
2013, 4, 1487.
208 P. Sharma and T. S. Bhatti, Energy Convers. Manage., 2010,
51, 2901–2912.
209 W. Kong, P. Cao, X. He, L. Yu, X. Ma, Y. He, L. Lu, X. Zhang
and Y. Deng, RSC Adv., 2014, 4, 19356–19361.
210 V. Lockett, R. Sedev, J. Ralston, M. Horne and T. Rodopoulos,
J. Phys. Chem. C, 2008, 112, 7486–7495.
211 R. Atkin and G. G. Warr, J. Phys. Chem. C, 2007, 111,
5162–5168.
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