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B
iological cells communicate through
a complex chemical process where a
signaling cell secretes molecules that

are then detected by receptors on the tar-
get cell. This passage of information allows
the cells to cooperate and thereby carry out
a diverse range of functions. Herein, we
use computational modeling and theory to
design a synthetic system that effectively
mimics this biological process. In particular,
we show how one polymeric microcapsule
“signals” to another and thereby initiates
the motion of both. Microcapsules (such as
those fabricated by the sequential deposi-
tion of oppositely charged chains1) provide
optimal features for performing this biomi-
metic behavior: they encompass a porous
shell and a fluid-filled core, which can con-
tain nanoparticles.2 As encapsulated nano-
particles diffuse through the porous shell
and into the surrounding fluid, they act as
signaling species and the capsule can be
viewed as secreting the vital compounds.
In our scenario, both the signaling and the
target microcapsules sit on an initially ho-
mogeneous adhesive surface. Neither cap-
sule alone can move along this surface;
however, the nanoparticle-facilitated com-
munication between the two promotes and
sustains collective, directed motion.

While researchers have focused on iso-
lating factors that promote the self-directed
motion of individual liquid droplets,3–15

there have been few studies to examine
how collective behavior between droplets16

or capsules can lead to self-propelled move-
ment. Our findings can provide insight into
fundamental physical processes that con-
trol chemotaxis between biological cells.17

In addition, polymeric capsules are finding
use as microreactors and the results yield
guidelines for manipulating their interac-
tions in microfluidic devices.

Using a novel computational approach
(see Methods), we simulate the behavior of
the system shown in Figure 1; the first cap-
sule (the signaling capsule) contains dis-
persed nanoparticles in its fluid-filled core,
while the second fluid-filled capsule (the
target capsule) is initially devoid of nano-
particles. Each capsule’s two-dimensional,
rigid shell is composed of two layers of lat-
tice nodes, which make up the inner and
outer surfaces. We assume that the nano-
particles can diffuse through this shell,18

but the fluid content of the capsule remains
constant. The released nanoparticles can
chemisorb onto the substrate and the ad-
sorbed nanoparticles modify the wetting
properties of the surface.19 In particular, the
strength of the adhesive interaction be-
tween the capsules and surface decreases
with the fractional surface coverage of
nanoparticles. The adsorbing nanoparticles
can thereby create an adhesion gradient
along the surface, and if the gradient is suf-
ficiently asymmetric,3–16 a capsule could
be driven by enthalpic forces to move from
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ABSTRACT Using simulation and theory, we demonstrate how nanoparticles can be harnessed to regulate

the interaction between two initially stationary microcapsules on a surface and promote the self-propelled motion

of these capsules along the substrate. The first microcapsule, the “signaling” capsule, encases nanoparticles,

which diffuse from the interior of this carrier and into the surrounding solution; the second capsule is the “target”

capsule, which is initially devoid of particles. Nanoparticles released from the signaling capsule modify the

underlying substrate and thereby initiate the motion of the target capsule. The latter motion activates

hydrodynamic interactions, which trigger the signaling capsule to follow the target. The continued release of the

nanoparticles sustains the motion of both capsules. In effect, the system constitutes a synthetic analogue of

biological cell signaling and our findings can shed light on fundamental physical forces that control interactions

between cells. Our findings can also yield guidelines for manipulating the interactions of synthetic microcapsules

in microfluidic devices.
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a less adhesive area to a more “sticky” portion (i.e.,

lower particle surface coverage).

RESULTS AND DISCUSSION
Panels a�c of Figure 2 show the scenario in the

case of a single signaling capsule on the surface. The

blue dots mark the nanoparticles, showing the species

that are still encapsulated and those that have diffused

into the surrounding solution. Some fraction of the

nanoparticles has adsorbed onto the surface and modi-

fied the adhesive interaction between the capsule and

this substrate. The red line below the surface indicates

the adhesion profile due to the deposited particles.

Since these particles are simply undergoing Brownian

motion, the particle deposition and the resulting adhe-

sion profile are symmetric about the capsule’s center.

Thus, there is no driving force for the single signaling
capsule to move and consequently, the capsule remains
fixed in space.20

The introduction of the empty target capsule, how-
ever, breaks the symmetry in the system. The signaling
capsule produces an asymmetric concentration profile
of nanoparticles around the target capsule’s center of
mass, with more particles being localized between the
two capsules than on the far side of the target capsule
(Figure 2, panels d�f). This asymmetry leads to an ad-
hesion gradient around the target capsule and, conse-
quently, a net driving force that propels the target cap-
sule away from the signaling capsule, i.e., toward the
higher adhesion. In other words, it is the asymmetry in
the adhesion gradient that initiates the movement of
the target capsule. Once the target capsule moves, it
sets additional forces into play. In particular, recall that
the target capsule is not traveling in a vacuum but,
rather, moving through a viscous fluid, which mediates
its motion. These hydrodynamic interactions give rise
to a net force21 on the signaling capsule that drives it
to follow the target capsule. Therefore, the presence of
the second capsule results in the motion of both.

While hydrodynamic interactions between the two
capsules play a crucial role in initiating the motion of
the signaling capsule, these interactions alone cannot
lead to sustained motion. For both capsules to keep
moving, the signaling capsule must also be driven by a
gradient in the surface coverage. The following vari-
ables play a key role in our system: the diffusion of the
nanoparticles in fluid, Df, diffusion of particles through
the capsule’s shell, Ds, the initial adhesion, �, and the

surface saturation concentration, Cmax (i.e.,
the maximum number of nanoparticles that
can chemisorb per unit area of surface).
Herein, we fixed Df (note that Ds �� Df

throughout22) and examined the effect of
the other parameters on the behavior of the
system.

To simplify the discussion, we specify
the velocity of the signal capsule as Vcaps

and the speed at which the gradient propa-
gates across the surface as Vgrad. The capsule
velocity Vcaps is dictated primarily by the mo-
bility of the capsule in solution, �, the adhe-
sive strength, �, and the gradient in the sur-
face concentration. The mobility is defined
as � � (6�R ��)�1 where R is capsule radius
and � is the density of the host fluid. On the
other hand, the propagation of the surface
gradient is dictated primarily by Ds (since Ds

�� Df, the diffusion through the shell con-
trols the release rate of nanoparticles and, in
turn, the rate at which the surface is modi-
fied). The ratio of Vcaps and Vgrad can be char-
acterized by the dimensionless number � �

��/Ds. Below, we discuss our results in terms

Figure 2. Snapshots of a single capsule and two capsules on an adhesive substrate.
The initial conditions are identical for both simulations: Df � 0.01, Ds � 0.0002, � �
0.01, Cmax � 200. The signaling capsule releases nanoparticles (in blue), which deposit
on the surface and produce the adhesion profile shown in red. (a�c) Due to the symme-
try of the adhesion profile, the single capsule remains stationary. (d�f) The target cap-
sule sits on an asymmetric adhesion profile, which results in a net force driving the tar-
get capsule away from the signal capsule. Once the target capsule starts moving, it
displaces the surrounding fluid, which drags the signaling capsule. Thus, the hydrody-
namic interaction initiates motion of the signaling capsule, which is then sustained by
the adhesion gradient.

Figure 1. Schematic of the system: two capsules with radii
R � 12.5 and shell thickness of h � 1.3 are separated by an
initial distance �X on a surface with an initially uniform ad-
hesive strength �s � �. The signaling capsule contains N � 2
� 105 nanoparticles, which are released at t � 0. The fluid
has a viscosity of � � 1/6 and density of � � 1. The size of
the simulation box is Lx � 300 and Ly � 60 and periodic
boundary conditions are applied in the lateral direction.
The dimensions are given in LB units.
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of �, the maximum surface saturation concentration,
Cmax, and the initial distance between the capsules, �x.

We first consider the case of “arrested” motion (see
Figures 3a and 4), where the signaling capsule moves
slower than the propagation of the concentration pro-
file, or Vcaps � Vgrad. This behavior occurs for any of the
following conditions: �x � R, which leads to a weak ini-
tial perturbation through hydrodynamic interactions; �

is relatively low and Cmax is relatively low. The values of
� and Cmax that give rise to “arrested” motion are shown
in Figure 4. Low � is possible with either a high Ds or
low �. When the diffusion coefficient is too high, the
rate at which the particles modify the surface is suffi-
ciently rapid that the adhesion gradient propagates too
quickly for the signaling capsule to get onto this hetero-
geneous region. When the adhesion strength is too
low, the driving force for the capsules is too small to
achieve a sufficiently high velocity to follow the propa-
gating adhesion gradient. Similarly, if Cmax is relatively
low, the coverage of the surface by nanoparticles hap-
pens too rapidly for the signaling capsule to reach the
gradient. Therefore, we observe that the signaling cap-
sule eventually sits on a surface with full surface cover-
age and no gradient. In other words, in the center of
mass frame of the signaling capsule, we see an advanc-
ing concentration profile (see Figures 3a and 5a).

A transition from arrested motion (Vcaps � Vgrad) to
sustained motion (Vcaps � Vgrad) is achieved when
either � or Cmax is increased (with all other parameters
held fixed) (see Figure 4). An increase in � occurs either
by a decrease in Ds or an increase in the initial adhe-
sion strength, �. In this case, we observe that both cap-
sules move roughly at the same speed (Figure 3b,c)
and the distance between capsules is constant after an
initial rearrangement. When the capsules and the con-
centration profile evolve at the same speed, Vcaps �

Vgrad, we see that the concentration profile is station-
ary in the center of mass frame of the signaling capsules
(Figures 3a and 5b) and the capsules experience a con-
stant driving force, resulting in a relatively constant
velocity.

A second scenario for sustained motion occurs when
both the adhesion coefficient � and Cmax are sufficiently
high that the capsules initially move faster than the
propagation of the gradient, Vcaps � Vgrad. In this case,
the target capsule can reach the edge of the concentra-
tion profile and slow down both particles while the sig-
naling particle is still on a strong adhesion gradient.
The released nanoparticles, however, create a new gra-
dient, which causes the capsules to speed up. This cycle
repeats and results in an oscillatory velocity for both
the capsules and the concentration profile (Figure 3c).
In Figure 4, we summarize the effects of each parameter
and clearly illustrate the transition from arrested to sus-
tained motion of a two-capsule system.

To verify the above observations, we examine a sim-
pler system. Here, a single point source emits nanopar-

ticles and moves on the surface with a velocity that de-

pends on the adhesion strength and the gradient in

the cumulative flux of nanoparticles at the substrate.

In panels a and b of Figure 5, we plot the nanoparticle

flux profile, through the boundary, in the moving frame

of the center of mass of the source at different times.

Figure 5a shows that for the case of arrested motion,

the source eventually sits on a surface of zero gradient

and that the profile moves away from the source, as

seen in our simulations. However, in the case of sus-

Figure 3. Different regimes of behavior in the system. In the sche-
matic images on the left, the signaling capsule is drawn in blue, the
target capsule is drawn in white, and the red line illustrates the po-
sition of the gradient. The right column shows the velocity evolu-
tion for the signaling and target capsules. Here Na is the number of
surface nodes that interact with the adhesive surface. (a) Arrested
motion: the adhesion gradient propagates too rapidly so the cap-
sules end up on a surface with no gradient and stop (Vcaps < Vgrad,
Df � 0.01, Ds � 0.0006, � � 0.01, Cmax � 100). (b) Sustained motion:
the capsules and the gradient propagate with roughly the same ve-
locity (Vcaps � Vgrad, Df � 0.01, Ds � 0.0002, � � 0.01, Cmax � 200).
(c) Oscillatory motion: initially the capsules move faster than the
gradient, resulting in periodic velocity changes for both the cap-
sules (Vcaps > Vgrad, Df � 0.01, Ds � 0.0006, � � 0.01, Cmax � 300).

Figure 4. Phase map delineating the different regimes: “X”
is for the arrested motion of the capsules, while “O” signi-
fies the sustained motion. The dashed line shows the ap-
proximate boundary between these two regimes. In these
calculations, we fixed Df � 0.01.
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tained motion, we see (Figure 5b) a stationary flux pro-
file in the center of mass frame of the source, demon-

strating that the source and the concentration profile

move with the same velocity.

Through this simplified model, we find that the

point source can undergo sustained motion, in qualita-

tive agreement with the simulation (case 2 in Figure

3).23 Figure 5c shows that by simply decreasing the ad-

hesion strength at the surface or the mobility of the

point source, the system can undergo a transition from

sustained movement to arrested motion, again in

agreement with the simulation. Furthermore, as we

noted above, decreasing D0 can lead to sustained mo-

tion, while increasing this parameter leads to arrested

motion. Again, the controlling factor is the competition

between the advancing of the concentration profile

and the capsule motion as described by the dimension-

less number �.

CONCLUSIONS
In summary, we have designed a simple biomi-

metic system where two synthetic capsules can effec-

tively communicate with each other through the re-

leased nanoparticles and thereby move together along

the substrate. The system also exhibits an interesting

form of chemotaxis that has been recently observed in

biological cells;17 namely, our signaling capsule can

both send directional cues (via the nanoparticles) and

receive directional cues (through the hydrodynamic in-

teractions with the target capsule). The findings indi-

cate that hydrodynamic interactions could play an im-

portant role in the sensing and signaling behavior of

biological cells. While the results presented herein were

generated from two-dimensional simulations, the sys-

tem could be experimentally realized by placing cap-

sules on an attractive stripe on a substrate or within a

narrow channel.

METHODS
The dynamics of the host and encapsulated fluids is cap-

tured through the lattice Boltzmann model (LBM),24 which is an
efficient solver for the Navier–Stokes equation. The host and in-
ternal fluids interact with the solid shells through appropriate
boundary conditions.25,26 In particular, the shell imposes its mo-
mentum on the surrounding fluids through the corresponding
velocity distributions in the LBM. In turn, the capsules experience
forces due to the fluid pressure and viscous stresses at the
interfaces.

We integrate the above approach with a Brownian dynam-
ics model for the nanoparticles to simulate the diffusion of the
particles from the interior of the fluid-filled capsule through the
shell to the host solution. In particular, at the start of the simula-
tion, a fixed number of nanoparticles is introduced into the fluid-
filled interior of the microcapsule. The nanoparticles are mod-
eled as point particles whose trajectories obey the following
stochastic differential equation:27,28

dr(t)) u(r, t) dt +√2D0 dW(t)

The first term gives the advection due to the local fluid veloc-
ity u(r,t). Note that u(r,t) � 0 until the target capsule is driven

into motion (by the asymmetric adhesion gradient); once the tar-
get moves, it induces a flow field, making u(r,t) � 0. The sec-
ond term in the above expression is the Brownian contribution,
with D0 being the particles’ diffusion coefficient and dW(t) being
the differential of a Wiener process with unit variance. Within
the fluid, D0 � Df and within the microcapsule’s shell, the par-
ticles have an effective diffusion coefficient D0 � Ds. Given that
� is the kinematic viscosity of the host fluid, the Schmidt num-
ber, Sc � �/Df, for our simulations lies between 10 and 20, in the
range of typical values for nanoparticle filled fluids.29 The encap-
sulated and external fluids are taken to be identical single-
component liquids, which have the same viscosity and density.
We neglect interactions between the nanoparticles; this approxi-
mation is appropriate for nanoscopic particles at a relatively
low concentration.30 The entire system operates in the low-
Reynolds-number regime, where inertial effects can be
neglected.

Nanoparticles that diffuse from the interior of the “signal-
ing” capsule can chemisorb onto the substrate (see Figure 1);
this behavior is simulated by implementing the following
general mass transfer boundary conditions:

-D0n · ∇ c|surface ) f(cs)

Figure 5. Results from the simplified theoretical model. Pro-
files of the nanoparticles flux through the substrate for (a) ar-
rested motion and (b) sustained motion. The profiles are
shown in the frame of the source’s center of mass. Note that
for (b), the plots for different times all overlap and fall onto
one curve. (c) The velocities for the arrested (y0 � 2, D0 �
0.02, � � 4, V � 0.002) and sustained motion (y0 � 2, D0 �
0.02, � � 16, V � 0.002).
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where n is the unit normal to the surface, �csurface is the gra-
dient in the particle concentration at the surface, and f(cs) is the
flux of particles that enter or leave the fluid (with f � 0 for par-
ticle deposition). To the lowest order, f(cs) can be modeled by a
linear kinetic law:31

f(cs))-k(1 -Θ)cs

where 	(r,t) is the fractional coverage of the surface by the
nanoparticles. Here, the reaction rate is proportional to the con-
centration of nanoparticles at the surface, cs, with the propor-
tionality constant being the product of a reaction constant k and
the fraction (1 � 	(r,t)) of the surface area that is “empty” or
“available” to the nanoparticles. The maximum number of nano-
particles that can chemisorb per unit area of surface is controlled
by the parameter Cmax, which we vary in our simulations; in ef-
fect, Cmax is a measure of the reactivity of the surface. (Note that
	 � cs/Cmax.)

The interaction between the capsules and this surface is
modeled via a nonspecific Morse potential

�(r) ) εs(1 - exp[- (r - r0)
κ ])2

where �s and � characterize the respective strength and
range of the interaction potential. Additionally, r represents the
distance between nodes on the capsule’s outer surface and the
substrate, which is also composed of lattice nodes, and r0 is the
distance where this force equals zero. We set � � 1 and r0 � 1,
while �s depends on the nanoparticle surface coverage. We as-
sume that the adsorbed nanoparticles modify the wetting prop-
erties of the surface and, specifically, that the strength of the ad-
hesive interaction decreases with the fractional surface coverage,
i.e., �s � �(1 � 	), with � being the initial adhesive strength of the
surface.

We validate the observations from the simulations by using
a simpler system where a single point source emits nanoparti-
cles. The point source moves along the surface with a velocity
that depends on the adhesion strength and the gradient in the
cumulative flux of nanoparticles at the substrate. The point
source’s motion is in the overdamped regime (where inertia is
neglected), and thus, the velocity of the source, ẋ0, is directly pro-
portional to the gradient of the cumulative flux through the sub-
strate, Jc, at the position of the source, x0:

ẋ0 ) � ∇ Jc(x0) + Ve-t⁄tc (1)

The proportionality constant 	 lumps together the surface
adhesion strength and mobility of the source. To provide the
asymmetry in the absence of a second capsule, the point source
is “kicked” into motion with an initial velocity V, which decays
with a characteristic time of tc.

To calculate the flux on a boundary (x, y � 0), given a source
at (x0, y0), we use the flux expression with boundary conditions
for a perfectly adsorbing wall. This expression is based on the in-
finite space Green’s function for a source and an image system
with two bounding surfaces set apart by a height H. With a point
source emitting N particles at each interval �t, the flux at the
boundary for a period �t is given by the following equation32

jy,0(x, ∆t) ) N

4πD0∆t2
e-(x - x0(t))2⁄4D0∆t ×

∑
n)-∞

n)∞

(y0 + 2nH)e-(y0 + 2nH)2⁄4D0∆t (2)

Here, we limit n to 1 so that we only account for the first
two images. To calculate the cumulative flux at an arbitrary
time t, we integrate over time, while updating the position of
the source:

Jc(x, t) )∫
0

t N

4πD0(t - τ)2
e-(x - x0(τ))2⁄4D0(t-τ) ×

∑
n)-1

n)1

(y0 + 2nH)e-(y0 + 2nH)2⁄4D0(t-τ) dτ (3)

The motion of the source is inherent in this calculation since
x0, in eq 3, is time dependent and is updated by the equation
of motion (eq 1). We solve numerically the coupled eqs 1 and 3
and track the trajectory and velocity of the source and the nano-
particle flux profiles. We apply a cutoff value, JCmax

, at each loca-
tion to mimic varying the saturation concentration, Cmax, in the
simulations.
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