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ABSTRACT: The chemotactic movement of decanol droplets in
aqueous solutions of sodium decanoate in response to concentration
gradients of NaCl has been investigated. Key parameters of the
chemotactic response, namely the induction time and the migration
velocity, have been evaluated as a function of the sodium decanoate
concentration and the NaCl concentration gradient. The ability of
the decanol droplets to migrate in concentration gradients has been
demonstrated not only in a linear chemotactic assay but also in a
topologically complex environment. Additionally, the ability to
reverse the direction of movement repeatedly, to carry and release a
chemically reactive cargo, to select a stronger concentration gradient
from two options, and to initiate chemotaxis by an external
temperature stimulus have been demonstrated.

1. INTRODUCTION

The locomotion of live cells is a highly complex process
involving various biochemical and biophysical elements.1

Motion is usually associated with motor proteins that convert
chemical energy to mechanical work. The movement of freely
living cells can be caused by special organelles for locomotion
such as cilia and flagella or by migration over solid substrates by
crawling or gliding, i.e., by coordinated changes in shape and
adhesivity to a substrate in response to environmental stimuli,
using pseudopodia. The latter mechanism is manifested by
single-cell organisms such as amoebae, diatoms, and some types
of cyanobacteria and human leukocytes.
The swimming and crawling movements of cells can be

random or oriented. Cells usually move because this takes them
closer to a source of nutrients or further away from a source of
harmful compounds. Such extracellular chemical cues (nu-
trients, pheromones, repellents, toxins) guide the movement of
a cell in a particular directiona process called chemotaxis.2

Chemotaxis can be positive (movement toward a chemo-
attractant) or negative (movement away from a repellent).
Chemotaxis differs from chemokinesis, in which case the signal
substance merely alters the rate or frequency of random
motion.3

The movement of nonliving objects in concentration
gradients (artificial chemotaxis) can be based on several
different mechanisms. The movement of asymmetric bimetallic
catalytic rods or spheres in the concentration gradient of H2O2

has been reported.4 In this case, a catalytic chemical reaction
produces gas bubbles that propel the particles. Similarly, Mano
and Heller5 described a system based on a carbon fiber having a

terminal glucose oxidizing microanode and an O2 reducing
microcathode, which was propelled at the H2O−O2 interface. It
was shown that the diffusiophoretic phenomenon shares
similarities with chemotaxis.6 When a rigid colloidal particle is
placed in a solution with nonuniform concentration of a solute
that interacts with the particle, the particle can move along the
concentration gradient of the solute. It has also been shown
that dynamic cytoskeletal components, biomolecular motors
(kinesin, myosin), and their associated filaments (microtubule,
actin) can be combined in vitro with synthetic components to
create nanoscale transport systems.7 Synthetic phospholipid
vesicles coated by proteins that initiate actin polymerization
displayed the ability to propel lipid vesicles in a similar way as
in Listeria cells.8 Hybrid objects containing an artificial
component and living organism have also been suggested.9

An alternative mechanism of artificial chemotaxis is based on
“self-running” objects at interfaces. Alcohol droplets10 or pieces
of camphor11 on a water surface can move due to a surface
tension gradient caused by the gradual dissolution of the object
itself. An oil droplet can also move on a solid substrate when
the surface underneath the droplet is asymmetrically modified
and causes a difference in the interfacial energy between the
leading and the trailing edge of the droplet.12 Grzybowski and
co-workers showed a droplet of mineral oil and 2-hexyldecanoic
acid in a labyrinth with a pH gradient, where the droplets were
able to find the shortest path through the maze.13
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The self-propelled motion of a droplet can be coupled with a
chemical reaction that occurs at the interface between the
droplet and the surrounding medium. The chemical reaction
can result in a symmetry breakage due to the accumulation and
release of the reaction products, and the droplets can move
through the aqueous medium without the need of an air−water
or a solid−liquid interface. A system of oil droplet movement
based on fatty acid chemistry has been proposed by Hanczyc et
al.14 An oil phase containing oleic anhydride precursor was
introduced into an aqueous environment that contained oleate
micelles. The products of the precursor hydrolysis were
coupled to the movement of the oil droplet and the production
of waste vesicles. The oil droplet successfully moved away from
this waste product into fresh unmodified solution, displaying a
form of chemotaxis. This example mimics the behavior of cells
that move away from their metabolic products into regions with
fresh nutrients. Similar experiments with different chemicals
were performed in ref 15.
In the present work, a new artificial chemotaxis system is

introduced, based on decanol droplets moving in aqueous
solution of sodium decanoate along concentration gradients of
sodium chloride. The parametric dependence of the chemo-
tactic response with respect to background concentration of
sodium decanoate and the strength of the NaCl concentration
gradient has been investigated. Several scenarios that utilize
chemotaxisnamely, migration over a nonlinear path, delivery
of a chemically reactive cargo, selection of the direction of
motion according to the strength of the chemoattractant
source, and temperature-triggered release of the chemo-
attractanthave been demonstrated.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. β-Carotene, decanoic acid, decanol,

iodine, nitrobenzene, oil red O, paraffin, sodium chloride, and sodium
hydroxide were obtained from Sigma-Aldrich. Decanoic acid solutions
in the aqueous phase were prepared at the desired concentration
(typically 10 mM) in water using 5 M NaOH to raise the pH of the
resulting solution, typically to 10−13. Menzel-Glas̈er microscope slides
76 × 26 mm and 75 × 50 mm (Thermo Scientific) and an adhesive
double sided tape (3M 468MP 200MP) were used for the preparation
of chemotactic assays.
2.2. Chemotactic Assays. The edges of a microscopic slide were

covered with thin strips of adhesive tape to form a shallow pool with a
rectangular shape. The pool was filled by 1 mL of decanoate (5 or 10
mM) or water, and then a 5 μL decanol droplet containing oil red O as
a colorant was placed at one side of the slide. After approximately 1
min, droplets of NaCl were added to the opposite side. The droplet
volume was chosen so as not to alter the liquid level in the pool to an
extent that would cause bulk fluid flow or movement of the decanol
droplet. (This was verified by adding water droplets without NaCl
under otherwise identical experimental conditions and noting that this
did not induce any movement of the decanol droplet.) The distance
between the decanol and the NaCl droplets was systematically varied
to create different concentration gradients. The molar quantity of
added NaCl was also systematically varied in the range 5−100 μmol by
changing the salt concentration. The movement of the decanol droplet
toward higher NaCl concentration was monitored using a PixeLINK
camera (PL-A662) and later processed by NIS-Elements software
(Laboratory Imaging Ltd., Czech Republic). From the droplet
trajectory (X and Y coordinates as a function of time), the induction
time and the migration velocity were evaluated.
For temperature-triggered chemotaxis experiments, the NaCl

concentration gradient was not formed by adding saline droplets but
by liberating small NaCl crystals from a paraffin matrix by the local
application of a heat source that melted the paraffin. Fine NaCl grains
were first dispersed in molten paraffin, from which small spheres were

manually formed upon cooling. The salt-loaded paraffin spheres were
then repeatedly washed by deionized water to remove any salt grains
that may be at the surface. A single NaCl-loaded paraffin sphere was
then carefully placed to one side of the chemotactic assay where it
acted as a temperature-responsive salt reservoir.

2.3. Surface Tension Measurements. Surface tension measure-
ments of decanoate solutions with varying concentrations of NaCl and
decanol were performed using the Wilhelmy plate method
(tensiometer Sigma 703 D, Attension). The purpose of the surface
tension measurements was to verify a hypothesis about Marangoni
flow as a possible cause of the observed chemotaxis (translation of
concentration gradients to gradients of surface tension).

3. RESULTS AND DISCUSSION
3.1. Chemotaxis of Decanol Droplets in Rectangular

Cells. Figure 1 shows the trajectory of a 5 μL decanol droplet

in 1 mL of a 10 mM decanoate solution contained in a
rectangular pool with the size 76 × 26 mm (cf. section 2.2).
The droplet started on the left-hand side of the rectangular
pool, and its movement was initially random. After 1 min, a 10
μL droplet of a 5 M NaCl solution (i.e., 50 μmol of NaCl) was
added to the right-hand side of the microscopic slide. The
decanol droplet continued its random movement on the left
side of the slide (blue trajectory in Figure 1A), but after a
certain induction time it started to follow the salt concentration
gradient and performed an almost straight oriented movement
to the opposite end of the pool (red trajectory in Figure 1A).
Once the decanol droplet reached the area where the salt
droplet was added, it has returned to a random, local
movement (green trajectory in Figure 1A). A video recording
of the entire experiment can be found in Supporting
Information Movie 1.
The graph in Figure 1B shows the X and Y coordinates of the

decanol droplet as a function of time, evaluated from the
droplet trajectory (Figure 1A). Without a salt concentration
gradient, the droplet moves locally and randomly, with no
apparent directionality. It is interesting to note from Figure 1B
that the droplet does not respond by chemotaxis immediately

Figure 1. (A) Trajectory of a 5 μL decanol droplet in a rectangular
pool (76 × 26 mm) containing 1 mL of 10 mM sodium decanoate.
The orange cross indicates the place of salt addition, which occurred at
t = 60 s. Scale bar represents 1 cm. (B) The X and Y positions of the
droplet as a function of time, evaluated from the trajectory. The orange
line indicates the moment of salt addition at t = 60 s.
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after the salt addition (indicated by a vertical line at t = 60 s).
Presumably this lag period corresponds to the time that is
necessary for a concentration or interfacial tension gradient
caused by NaCl addition to reach the decanol droplet. Once the
signal reaches the decanol droplet, the droplet migrates toward
the source of the gradient (the point of salt droplet deposition)
at an increased speed as indicated by the slope of the X vs time
trajectory in Figure 1B.
It can be expected that the induction time, i.e., the delay

between NaCl addition and the start of chemotaxis of the
decanol droplet, should be related to the time of the “chemical
signal” propagation from the NaCl droplet to the decanol
droplet. The underlying transport mechanism includes not only
the diffusion of NaCl (see Supporting Information) but also
convection. In the case of convection the flow can be due to a
density difference or due to an interfacial tension gradient. The
dependence of the induction time on the molar quantity of
added NaCl and on the initial distance between the decanol
droplet and the point of salt addition is summarized in Figure
2A (the volume of the added NaCl droplet was kept constant as
well as all other parameters of the experiment). Despite the
relatively widespread observed induction times, two trends are
evident: the induction time increases with increasing distance,
and the induction time decreases with increasing salt
concentration.
It should be noted that there exists a finite window of NaCl

concentrations at which chemotaxis has occurred. Both lower
(5 μmol) and higher (100 μmol) salt additions were also tested,
but neither has led to chemotaxis. The 5 μmol addition was
insufficient to induce a chemotactic response whereas in the
case of 100 μmol the decanol droplet responded by a brief jerky
movement toward the salt addition point, but only over a short
distance. The decanol droplet did not move across the entire
slide as in the case of salt additions in the range 10−50 μmol.
This behavior bears interesting similarity with one of the best-
studied examples of biological chemotaxis, i.e., the migration of
Dictyostelium amoebae in concentration gradients of cyclic
adenosine-3′,5′-monophosphate (cAMP).16,17 In the absence of
cAMP, the cells are not at rest but perform a random motion
with an average motility of 4.2 μm/min.18 At intermediate
cAMP gradients, the cells move up the gradient with an average
motility of 9 μm/min. In very steep gradients (above 10 nM/
μm) the cells again lose directionality and revert to random
motion.

The velocity of droplet movement was also evaluated as the
slope of the X position vs time (as in Figure 1B) for all
distance−concentration combinations, and the results are
summarized in Figure 2B. In this case, the chemotactic velocity
of the decanol droplet is a decreasing function of the initial
distance, but there does not seem to be any systematic
dependence on the molar quantity of added NaCl.
The migration speed during chemotaxis is usually considered

to be proportional to the concentration gradient of the
chemoattractant. However, the results observed here do not
fully agree with this assumption. If the gradient is defined as the
concentration difference divided by distance, then a 5-fold
increase in the quantity of added NaCl (e.g., from 10 to 50
μmol) should have the same effect as a 5-fold decrease in
distance (e.g., from 50 to 10 mm). It is evident from Figure 2B
that while a change in the droplet distance clearly leads to a
proportional change in the chemotactic migration velocity, a
corresponding change in the salt concentration does not. This
may be due to the salting out of the decanoate surfactant in
areas of very high NaCl concentrations. This is sometimes
confirmed visually by the appearance of a white turbid
substance at the position of highest salt concentration.

3.2. Reversal of Chemotaxis Direction. The ability of the
decanol droplet to respond by chemotaxis to repeatedly created
salt concentration gradients was investigated (Figure 3,
Supporting Information Movie 2). The experimental setup
was similar as that discussed in section 3.1, i.e., a 5 μL decanol

Figure 2. (A) Dependence of the chemotaxis induction time on the initial distance between the decanol and salt droplets for various molar quantities
of added NaCl. (B) Dependence of the decanol droplet velocity during chemotaxis on the same parameters as in case (A).

Figure 3. X and Y positions of a 5 μL decanol droplet in a rectangular
pool containing 5 mM sodium decanoate solution, subjected to
repeated salt additions (each containing 50 μmol of NaCl) at times t =
1, 5, 10, and 15 min.
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droplet in a rectangular pool of a sodium decanoate solution.
However, instead of a single salt droplet addition, a droplet
containing 50 μmol of sodium chloride was added four times at
5 min intervals (specifically, at time t = 1, 5, 10, and 15 min)
alternatively to opposite ends of the pool. The interval of 5 min
was sufficiently long to include the induction time, chemotactic
migration of the decanol droplet toward the salt addition point,
and stabilization of the droplet at the final location. The X and
Y coordinates of the decanol droplet resulting from the
repeated salt additions are shown in Figure 3. Note that
although the total molar quantity of the added salt has gradually
accumulated to 200 μmol, chemotaxis still took place after the
fourth salt addition. Therefore, increased background salt
concentration does not appear to be a hindrance to chemotaxis,
as long as a concentration gradient is re-established.
3.3. Ink Tracer Experiments. The experiments described

above imply that the existence of a salt concentration gradient
triggers the chemotactic movement of the decanol droplet, but
the underlying interactions can be complex. A key question is
whether the observed decanol droplet movement is caused by
Marangoni flow due to a surface tension gradient or if there are
also other types of flow involved, e.g., due to density difference
or contact angle gradient.
The progress of two experiments where an ink tracer was

used to visualize the flow pattern in the surrounding aqueous
fluid is shown in Figure 4 and in Supporting Information Movie
3. A rectangular pool with 1 mL of a 10 mM decanoate solution

was used, and the order in which the decanol and the NaCl
solution droplets were added was changed. The initial ink
patterns were created by dropping a small amount of ink
solution onto the surface of the decanoate pool and then gently
mixing the surface layer by a pipet tip (see Supporting
Information Movie 3). Neither convective flows nor surface
tension changes were observed. Once the decanol droplet was
added (time t = 40 s in Figure 4A), the original ink patterns
immediately disappeared due to a reduction of surface tension
near the decanol droplet and Marangoni flow toward regions of
high surface tension, i.e., away from the decanol droplet.
Decanol acts as a surfactant, and its effects on the surface
tension of 10 mM decanoate solution, measured separately (cf.
section 2.3), are summarized in Figure 5A. The addition of a
salt droplet colored by blue food dye (time t = 60 s in Figure
4A) did not cause any visible changes in the ink pattern. The
salt solution did not attract or repel the ink particles (no
diffusiophoresis was observed). However, the salt droplet did
not spread uniformly and had a tendency to spread somewhat
faster toward the decanol droplet (tear-like blue spot at t = 80 s
in Figure 4A). The decanol droplet eventually moved
chemotactically to the area of the salt addition (time t = 120
s in Figure 4A).
When the order of the droplet addition was reversed, i.e.,

adding the salt droplet first and the decanol droplet next (in
Figure 4B), no change in the initial ink pattern was observed
after salt addition despite the fact that NaCl also slightly
reduces the surface tension of decanoate solution (Figure 5B).
The salt spot spread uniformly in all directions and did not
affect the ink pattern (t = 40 s in Figure 4B). The decanol
droplet addition rapidly deleted the ink patterns and repelled
the ink to the opposite end of the glass slide (t = 60 s in Figure
4B). The salt started to flow toward decanol (t = 80 s in Figure
4B), and the decanol droplet was transported chemotactically
to the zone of the salt droplet addition (t = 120 s in Figure 4B).
Several additional experiments with an ink tracer in a single

chamber with and without obstacles were done, and the results
are shown in Supporting Information Movie 3. The black ink
served as tracer to visualize the convective flow in the aqueous
phase. Both direct salt solution addition and salt diffusion from
nitrobenzene droplets were tested. The blue spot of salt had a
tendency to spread toward the decanol droplet due to
directional flow of the aqueous phase. In all cases the shortest
path between the decanol droplet and the salt source was
highlighted, and the decanol droplet followed this path and
moved chemotactically toward the salt. In experiments with
nitrobenzene droplets loaded with salt grains, fusion with the
decanol droplet occurred.

3.4. Nonlinear Path Experiments. In the experiments
described above, it was shown that decanol droplets follow a
salt concentration gradient created by direct addition of a salt
solution. In order to sustain a concentration gradient for longer
periods of time without disturbing the system by repeated
external liquid additions, an alternative method of creating the
salt concentration gradient has been useda nitrobenzene
droplet loaded with NaCl grains was deposited in the decanoate
pool instead of an aqueous droplet with predissolved NaCl
(Supporting Information Movie 4). The nitrobenzene droplet
(which is immiscible with water) was stationary and allowed a
gradual leaching of NaCl to the surrounding solution. This
created a salt concentration gradient, which in turn resulted in a
chemotactic movement of the decanol droplet toward the
nitrobenzene droplet, eventually fusing with it. Independent

Figure 4. Flow field visualization using ink tracer: (A) decanol droplet
addition followed by salt addition; (B) salt droplet addition followed
by decanol addition. The decanol droplet was deposited at the bottom
end of the rectangular pool and was labeled by a pink color; the salt
droplet (deposited at the top end) is blue. Scale bar represents 1 cm.
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verification experiments have shown that without NaCl there is
no interaction between the nitrobenzene and decanol droplets,
i.e., no chemotaxis and no fusion.
The salt concentration gradients created by the nitrobenzene

droplet with salt grains were used in scenarios where the
chemotaxis of the decanol droplet took place over a nonlinear
path in slightly more complex topologies than a straight
channel. Two examples of such topologies are shown in Figure
6. In each case, the decanol droplet followed the shortest path
toward the source of the salt and eventually fused with the salt-
loaded nitrobenzene droplet.

Although the topology shown in Figure 6B could
theoretically allow the decanol droplet to follow an incorrect
path into a dead-end channel, there was only one source of the
salt gradient. An alternative scenario was therefore realized,
where the decanol droplet had two alternatives, i.e., two sources
of salt located at an identical distance but in opposite ends of
the pool (see Figure 7). The two sources contained a different

quantity of NaCl, namely 50 and 10 μmol. The decanol droplet,
initially located in the middle of the pool, started to migrate
toward the end with a higher concentration of salt. Thus, two
important features of chemotaxis, also revealed by living
systems, were demonstrated: the ability to follow the
chemoattractant in a complex topology and the ability to
follow a stronger source of chemoattractant when presented
with alternative chemotaxis directions.

3.5. Stimulus-Responsive Release of Chemoattrac-
tant. The diffusion of NaCl from the nitrobenzene droplet,
discussed in the previous section, was spontaneous. However,
in nature, the release of a chemoattractant is often triggered by
a change in some environmental variable, for example
temperature, which can signal conditions favorable for the
next phase of a reproduction cycle. A similar scenario of
temperature-triggered release of the chemoattractant has been
realized in laboratory conditions as follows. Instead of a
nitrobenzene droplet, fine NaCl crystals were encapsulated into
a paraffin particle with a melting point of 42 °C as described in
section 2.2.
When a single salt-containing wax sphere was deposited into

a pool of sodium decanoate at low temperature, the salt could
not diffuse from the paraffin particle in the solid state and the
system was stationary. However, once the paraffin particle was
locally heated to a temperature above its melting point, the
previously encapsulated salt was liberated, started to dissolve in
the surrounding solution, and triggered the chemotaxis of the
decanol droplet, which migrated toward to source of salt

Figure 5. Dependence of the surface tension of 10 mM decanoate solution on (A) decanol and (B) NaCl concentration. (C) Dependence of the
surface tension of water on the sodium decanoate concentration.

Figure 6. Examples of droplet chemotaxis in a complex topology: (A)
nonlinear path in a channel; (B) nonlinear path in a simple “labyrinth”
with dead end channels. The decanol droplet has a purple color, and
the salt diffuses from a stationary nitrobenzene droplet (yellowish
color). Scale bar represents 1 cm.

Figure 7. Decanol droplet (middle of the pool at t = 0 s) attracted by a
stronger salt concentration gradient. Scale bar represents 1 cm.
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(Figure 8, Supporting Information Movie 5). As in the case of
nitrobenzene, a control experiment without NaCl (only paraffin
and heating) did not lead to chemotaxis or thermophoresis.

3.6. Chemotaxis Delivery of a Reactive Payload. It has
been shown in the previous sections that a decanol droplet is
able to locate a nitrobenzene droplet and fuse with it even in
topologically complex environments and that it is able to follow
the strongest source of chemoattractant from several
alternatives. These are the prerequisites for the laboratory
demonstration of a model “search-and-neutralize” mission,
whereby the chemotactic droplet carries a payload that will
react with the chemoattractant source once the mobile droplet
localizes it. Again, an analogy with natural systems can be seen
in this scenario, e.g., the chemotaxis of a leukocyte that actively
locates and eventually neutralizes a pathogen.
Decanol was saturated with solid iodine to produce a dark

orange oil. Independently, β-carotene was added to pure
nitrobenzene and mixed to obtain a red oil at 2 mg/mL.
Droplets of 10 μL of each solution were added to opposite ends
of a channel with a simple obstacle in the middle, filled with 10

mM decanoate (pH 11). The progress of the experiment is
shown in Figure 9. After chemotaxis and fusion of the decanol
and nitrobenzene droplets, a color change to green indicated
that an iodination reaction of β-carotene has taken place.19

3.7. Chemotaxis Mechanism and Force Balance. The
decanol droplet in a homogeneous solution of decanoate
exhibits weak random motion, as shown in Figure 1. This is
likely due to the loss of mass of the droplet over time because
the droplet itself is slowly being dissolved into to surrounding
soapy solution. However, when a salt gradient is introduced to
the system, a corresponding surface tension gradient is
established (Figure 5). There are several works where it was
shown experimentally and theoretically how surface tension
gradients give rise to convective flows that result in particle or
droplet motion.20,21 There are two possible theoretical
approachesa fluid mechanics approach based on the solution
of the Navier−Skokes equations or a simplified force balance
approach whereby the moving object is regarded as a rigid body
subjected to the Newton’s law of motion. The latter approach,
adopted from ref 21, is adopted here.
Let us assume that the decanol droplet has a constant mass.

The net force acting on the decanol droplet due to a gradient of
surface tension and due to fluid−fluid and wall−fluid friction is

= − −m
v

t
F F F

d

d
drop

A D W (1)

where m is the droplet mass, vdrop is the macroscopic droplet
velocity, FA is the surface tension force, FD is the fluid−fluid
drag force, and FW is the fluid−wall drag force. If the surface
tension force is greater than the frictional and drag forces,
locomotion of the droplet can occur.22,23 Let us now estimate
the magnitude of the forces for our system.
In the case of a shallow pool, the total concentration of NaCl

in the solution of sodium decanoate is known (50 mM). Since
the dependence of surface tension on NaCl concentration was
independently measured (Figure 5), the salt concentration
gradient can be translated into a gradient of surface tension.
Assuming a linear concentration gradient and a pool length of
70 mm, the corresponding macroscopic surface tension
gradient is ∂γ/∂x = 173.5 mN/m2. The diameter of the droplet
projection in this setup, obtained through image analysis, is 3.6
mm. By using these values, an order-of-magnitude estimate of

Figure 8. (A) Progress of an experiment with a paraffin particle
containing salt grains as a thermoresponsive source of chemo-
attractant. The chemotactic decanol droplet is marked by a pink color;
the paraffin particle is gray. Scale bar represents 1 cm. (B) Trajectory
of the decanol droplet, evaluated from the experiment. Local heating of
the paraffin particle was applied at t = 300 s for 20 s and resulted in
NaCl liberation from the particle.

Figure 9. Example of a chemotactic droplet carrying a reactive payload
toward the chemoattractant source (iodination assay). The chemo-
tactic decanol droplet moves from the bottom to the top section of the
figure and eventually fuses with the stationary nitrobenzene droplet.
The chemical reaction is indicated by a color change. Scale bar
represents 1 cm.
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the force acting on the droplet due to the surface tension
gradient can be made. Using the divergence theorem, the
integration along the circumference of the droplet can be
replaced by

∮ ∫ ∫γ γ γ

γ

= · = ∇· = ∂
∂

= ∂
∂

∂
⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

F l A
x

A

x
A

i n id ( ) d dA
A A A

(2)

where A = 10.18 × 10−6 m2 is the projected droplet area and i =
[1,0,0] is a unit vector in the direction of the macroscopic
surface tension gradient. The resulting force is FA = 1.77 × 10−6

N. The force due to a surface tension gradient would be
opposed by viscous dissipation in the fluid.
As an order-of-magnitude estimate of these effects, let us

consider the droplet to be a rigid sphere and evaluate the
Stokes drag force according to

πη=F rv6D drop (3)

where η = 10−3 Pa·s is viscosity (assuming equal to that of
water for the purpose of the estimate), vdrop = 1.5 × 10−3 m/s is
a characteristic value of the droplet velocity (cf. Figure 2B), and
r = 1.06 × 10−3 m is the characteristic droplet radius computed
directly from its volume. The resulting drag force is FD = 0.03 ×
10−6 N, which is significantly lower than the force due to
surface tension gradient, although it is in fact an overestimate
because the decanol droplet is not fully surrounded by the
aqueous phase. Similarly, an estimate of the upper value of the
wall friction force can be made by assuming the decanol droplet
to be a hemisphere in contact with the glass substrate. In that
case, the wall friction would be

∫ η η=
∂
∂

≈F
v
y

A A
v

h
d

A

x
W

drop

drop (4)

where A = 10.18 × 10−6 m2 is the projected droplet area, η =
12.0 × 10−3 Pa·s is the viscosity of decanol, vdrop = 1.5 × 10−3

m/s is a characteristic value of the droplet velocity, and hdrop is
the characteristic droplet height, calculated from the droplet
area and volume (V = 5 μL) based on the spherical cap
approximation. The resulting force is FW = 0.21 × 10−6 N,
which is larger than the fluid drag force (mainly due to the
higher viscosity of decanol compared to water) but still well
below the surface tension force. Although simple, this order-of-
magnitude calculation supports the hypothesis that in principle
the gradient of surface tension has sufficient power to cause the
droplet movement. At the same time, it should be kept in mind
that other mechanisms such as interaction with the glass
substrate can also be involved in the propulsion of the droplet.

4. CONCLUSIONS
A new, relatively simple two-phase system exhibiting artificial
chemotaxis has been described. It is based on a decanol droplet
in an aqueous solution of sodium decanoate, with sodium
chloride as a chemoattractant. The range of concentrations in
which the system exhibits chemotaxis has been determined, and
the parametric dependence of two important characteristics
the induction time and the migration velocityon the salt
concentration gradient has been systematically investigated. It
has been demonstrated that this artificial chemotaxis system
bears many qualitative similarities with natural chemotaxis
systems, namely (i) the ability to perform chemotaxis

repeatedly when the chemoattractant gradients are recreated,
(ii) to perform chemotaxis in topologically complex environ-
ments, (iii) to select the chemotaxis direction based on the
relative strength of alternative chemoattractant sources, (iv) to
rest in a dormant state and later respond to a stimuli-responsive
chemoattractant release, and finally (v) to deliver a reactive
payload toward the chemoattractant source. To the best of our
knowledge, this is the first time that an artificial chemotaxis
system exhibiting all of the above-mentioned five features has
been described. By measuring the concentration dependence of
surface tension, order-of-magnitude estimates of the forces
acting on the droplet could be made, supporting a hypothesis
that a surface tension gradient can be responsible for
chemotaxis in this case.
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(18) Song, L.; Nadkarni, S. M.; Bödeker, H. U.; Beta, C.; Bae, A.;
Franck, C.; Rappel, W.-J.; Loomis, W. F.; Bodenschatz, E. Dictyostelium
discoideum chemotaxis: Threshold for directed motion. Eur. J. Cell Biol.
2006, 85 (9−10), 981−989.
(19) Harada, I.; Furukawa, Y.; Tasumi, M.; Shirakawa, H.; Ikeda, S.
Spectroscopic studies on doped polyacetylene and β-carotene. J. Chem.
Phys. 1980, 73 (10), 4746−4757.
(20) Nakata, S.; Iguchi, Y.; Ose, S.; Kuboyama, M.; Ishii, T.;
Yoshikawa, K. Self-rotation of a camphor scraping on water: New
insight into the old problem. Langmuir 1997, 13 (16), 4454−4458.
(21) Soh, S.; Bishop, K. J. M.; Grzybowski, B. A. Dynamic self-
assembly in ensembles of camphor boats. J. Phys. Chem. B 2008, 112
(35), 10848−10853.
(22) Nakata, S.; Komoto, H.; Hayashi, K.; Menzinger, M. Mercury
drop “attacks” an oxidant crystal. J. Phys. Chem. B 2000, 104 (15),
3589−3593.
(23) Haidara, H.; Vonna, L.; Schultz, J. Surfactant induced
Marangoni motion of a droplet into an external liquid medium. J.
Chem. Phys. 1997, 107 (2), 630−637.

Langmuir Article

dx.doi.org/10.1021/la502624f | Langmuir XXXX, XXX, XXX−XXXH

http://pubs.acs.org/action/showLinks?system=10.1021%2Fla970196p&coi=1%3ACAS%3A528%3ADyaK2sXksFCjsLg%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja0706955&pmid=17616129&coi=1%3ACAS%3A528%3ADC%252BD2sXns1CksL0%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp7111457&pmid=18686988&coi=1%3ACAS%3A528%3ADC%252BD1cXpsVGrt78%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja806689p&pmid=19351200&coi=1%3ACAS%3A528%3ADC%252BD1MXjs1Gls7c%253D
http://pubs.acs.org/action/showLinks?crossref=10.1017%2FCBO9780511525315.004
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja806689p&pmid=19351200&coi=1%3ACAS%3A528%3ADC%252BD1MXjs1Gls7c%253D
http://pubs.acs.org/action/showLinks?crossref=10.1017%2FCBO9780511525315.004
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp9936502&coi=1%3ACAS%3A528%3ADC%252BD3cXhsVaksrg%253D
http://pubs.acs.org/action/showLinks?pmid=16529846&crossref=10.1016%2Fj.ejcb.2006.01.012&coi=1%3ACAS%3A528%3ADC%252BD28XhtFyrtL7O
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.474423&coi=1%3ACAS%3A528%3ADyaK2sXksVequ7s%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.474423&coi=1%3ACAS%3A528%3ADyaK2sXksVequ7s%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.440007&coi=1%3ACAS%3A528%3ADyaL3MXlsFWisA%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.440007&coi=1%3ACAS%3A528%3ADyaL3MXlsFWisA%253D%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja9076793&pmid=20063877&coi=1%3ACAS%3A528%3ADC%252BC3cXjs1yntQ%253D%253D

