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ABSTRACT: By harnessing biochemical signaling and chemotaxis,
unicellular slime molds can aggregate on a surface to form a long,
vertical stalk. Few synthetic systems can self-organize into analogous
structures that emerge out of the plane. Through computational
modeling, we devise a mechanism for assembling tower-like
structures using microcapsules in solution as building blocks. In
the simulations, chemicals diffusing from a central patch on a
surface produce a concentration gradient, which generates a radially
directed diffusioosmotic flow along the surface toward the center.
This toroidal roll of a fluid pulls the microcapsules along the surface
and lifts them above the patch. As more capsules are drawn toward

Fluid flow

the patch, some units are pushed off the surface but remain attached to the central microcapsule cluster. The upward-directed
flow then draws out the cluster into a tower-like shape. The final three-dimensional (3D) structure depends on the flow field, the
attractive capsule—capsule and capsule—surface interaction strengths, and the sedimentation force on the capsules. By tuning
these factors, we can change the height of the structures that are produced. Moreover, by patterning the areas of the wall that are
attractive to the capsules, we can form multiple vertical strands instead of a single tower. Our approach for flow-directed assembly
can permit the growth of reconfigurable, 3D structures from simple subunits.

1. INTRODUCTION

The simple slime mold Dictyostelium discoideum can undergo a
remarkable form of collective behavior and self-organization.
The process is initiated by individual cells emitting a chemical
signal into their surroundings. Neighboring cells sense this
signal and respond by moving toward high concentrations of
the chemical (i.e., chemotaxing). In this manner, the unicellular
organisms aggregate into extensive two-dimensional (2D)
clusters. Subsequently, the assembled cells self-organize into a
tall, vertical structure that extends upward from the initially
formed 2D aggregate. These vital processes are enabled by the
inherent biochemical machinery in the living organisms. There
are few synthetic systems that can match this level of concerted
communication and dynamic, three-dimensional (3D) structure
formation. The challenge in achieving analogous modes of self-
organization with man-made materials is to replace the intrinsic
instruction set provided by biology with the appropriate
external cues, which can couple to the properties of the
material to effectively direct their behavior.

Herein, we devise a mechanism that enables simple
microcapsules to emulate salient features of the structure
formation seen with the unicellular slime mold. Rather than
employing cell signaling, we utilize a chemical-releasing patch in
solution to generate chemical gradients. Instead of relying on
the cell motility, we use the chemical gradients to generate fluid
flows, which transport the capsules. Finally, we introduce
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attractive interactions between the capsules and between the
capsules and a surface to regulate the structure formation.

To carry out these studies, we develop theoretical and
computational models for the behavior of microcapsules in
dynamically evolving flow fields. In previous studies,' > we
exploited the interactions between microcapsules, surfaces, and
the surrounding fluid to drive the self-organization of the
capsules into complex 2D, dynamic assemblies. We now
specifically focus on harnessing diffusioosmosis in a fluid-filled
chamber to achieve the desired 3D structure formation. To
explain the phenomenon of diffusioosmosis, it is useful to first
describe electroosmosis. Indeed, it was demonstrated over 200
years ago that an applied electric field could cause water to
migrate through a porous material.” This migration, known as
electroosmosis, is caused by phenomena occurring at the
interface between an electrolytic solution and a material that
carries a net surface charge when exposed to water; glass, for
example, is negatively charged with a zeta potential { ~ —60
mV, depending on the solution.”®

Electroosmosis has been studied extensively in theory and
experiments.””'> Briefly, the charged solid wall attracts
counterions in the solution into a diffuse layer close to the
interface. An externally applied electric field results in a force on
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Figure 1. Schematic of the model setup. (A) A 2D representation of forces acting on the fluid and two capsules. Actual simulations are performed in
a 3D domain with a higher spatial resolution. The fluid flow is solved on a grid (light gray) via a lattice Boltzmann method. Forces acting on the fluid
(red) include the diffusioosmotic force f>© at the bottom wall and forces f* exerted by the immersed boundaries of the capsules (mesh nodes
indicated by the black dots). The capsules experience elastic forces and interactions with other capsules and with the wall (see text for details). (B)
Computational domain (capsules not shown) bounded by walls on the top and bottom. Lateral boundaries are periodic. A disc-shaped region
(yellow) on the bottom wall represents a catalytic patch that acts as a chemical source.

the counterions in the diffuse layer. If the electric field is parallel
to the wall, then the force causes a sustained drift of
counterions, and fluid, along the wall. This principle has been
applied to drive fluid flows at speeds of the order of millimeters
per second in microfluidic channels.'”'” Because the driving
force only acts in the thin boundary layer at the channel walls,
the fluid flow velocity is spatially uniform outside this boundary
layer. From a macroscopic perspective, electroosmosis produces
an effective fluid slip velocity at the channel walls.

Similar fluid flows can also be generated when the electric
field is not externally imposed but locally induced because of a
gradient in the concentration C of an electrolyte in the
solution'*™"°
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ﬂ_D++D_
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where k is the Boltzmann constant, T is the temperature, Z is
the electrolyte valence (assuming positive and negative ions
have charges of an equal magnitude for simplicity), e is the
elementary charge, y is the electrostatic potential, D, is the
diffusion coeflicient of the positive ions, and D_ is the diffusion
coefficient of the negative ions.

The electrokinetic flow due to concentration gradients is
known as diffusioosmosis. In addition to the electroosmotic
effect described above, there is a “chemiosmotic” contribution
that is present whether the solutes are charged (ie, an
electrolyte) or neutral. The overall diffusioosmotic flow speed
outside the interfacial layer is approximated by'*
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where V| C denotes the component of the concentration
gradient parallel to the wall, € is the permittivity, 7 is the
viscosity of the fluid, and { is the zeta potential of the wall. We
note that the flow speed is proportional to (VC)/C, and the
constant of proportionality y depends on the zeta potential of
the wall, as well as other experimentally measurable factors.
Diffusioosmotic flows with speeds up to 40 um/s have been
observed around dissolving particles of calcium carbonate.'®
Other physical or chemical processes that generate concen-
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tration gradients, such as a reaction occurring locally at an
immobilized patch of an enzyme or a catalyst, also drive
diffusioosmotic flows."” ™"’ Researchers have in fact used such
diftusioosmotic flows to direct the 2D assembly of colloids in
solution.””*!

In addition to flow fields, we exploit attractive interactions
between the capsules and the substrate, as well as the
interparticle attraction. Experimentally, tunable capsule—wall
attractions can be achieved by functionalizing the surfaces of
the capsule and the wall with ligands and receptors™ or
electrostatically interacting polymers.””** Such techniques can
be employed to pattern spatially varying surface interactions,
which we utilize in our simulations. The interparticle
interactions can also be regulated by functionalizing the surface
of the capsules.”””® Hence, the components necessary to
physically realize the systems described below are experimen-
tally accessible.

2. METHODOLOGY

2.1. Simulation of Capsules and Fluid Flows. The
schematic in Figure 1 shows the components of our system: a
host fluid, microcapsules, chemical concentration field, and
solid, confining walls. The fluid flow is governed by the
incompressible Navier—Stokes equations

p((;—l: + u~Vu) =-Vp+uVu+f Vau=0

©)

where p is the fluid density, u is the fluid flow field, p is the
pressure field, u is the dynamic viscosity of the fluid, and fis a
force field acting on the fluid. We consider two contributions of
forces on the fluid, f = f& + f°°, as detailed further below. The
first, f'%, is the force distribution arising from the coupling of the
fluid to the motion of the microcapsules, as modeled through
the immersed boundary (IB) method. The second force, f*°, is
the diffusioosmotic force acting on a thin layer of fluid adjacent
to the bottom surface of the chamber.

We numerically solve the fluid flow equations with a lattice
Boltzmann method using the D3Ql9 scheme.”™*’ The
computational grid size is L X H X L with the horizontal
length L = 150 and vertical height H = 75 in most simulations.
The physical length scale of the grid spacing is set to Ax =1
um. We prescribe the periodic boundary conditions in the
horizontal (x, z) directions and use the bounce-back technique
to simulate no-slip conditions on the lower and upper (y) walls
for the lattice Boltzmann fluid.”’
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Microcapsules are simulated using the IB method.”*™** The
IB for each capsule consists of a network of N™*%* = 66 mesh
nodes distributed on a spherical surface of radius R**" = 3.5Ax,
where Ax is the grid spacing associated with the Cartesian fluid
lattice in both the IB method and the lattice Boltzmann
method. In the IB algorithm, the mesh nodes are advected with
the local fluid flow using a weighted average of velocity values at
the nearby lattice sites. This procedure gives a single node a
finite effective hydrodynamic radius a*® ~ 1.5Ax,* resulting in
an effective capsule radius larger than the mesh shell radius, R*?
= SAx = 5 pym. The IB nodes influence the fluid flow by
exerting forces on the fluid. These forces consist of
contributions due to the elastic dynamics of the capsule,
attractive and repulsive forces between the capsules, attractive
and repulsive interactions with the wall, and gravity. Below, we
discuss each of these forces in turn.

Elastic bonds between the neighboring mesh nodes exert
forces F*** when the nodes are perturbed from the equilibrium
structure, maintaining an approximately spherical configuration
of the capsule. Here, we assume that the capsules are
sufficiently rigid that deformations are small.

To model intercapsule attractive interactions, for example,
zwitterion dipole—dipole or van der Waals forces, we introduce
a short-range, attractive force that acts between the nodes on
different capsules. Each pairwise interaction force is modeled as
the negative gradient of a Morse potential

Feep-att _ e, chaP'att,
dr
Vcap—att(r) — Acap—att[l _ exp{_lcap»att(r _ recap—att)}]2

4)

where r is the distance between a pair of interacting nodes,
r?P? s the equilibrium separation, A“P™ characterizes the
strength of the Morse interaction, and A“?*" determines the
width or range of interactions. We fix the parameters &P
2a* = 3Ax and 1°"** = 5Ax™" and define a reference value for
the potential strength A, = 0.005. The attractive force only acts
when r > 7", When nodes of two capsules are closer together
than the equilibrium separation, r < r&™ = y&P*P 3 repulsive
force acts between the nodes. This force is of the same form as
eq 4 but with parameters labeled with a superscript “cap-rep”
instead of “cap-att.” In all simulations, we use the values A“P™P
= AO and ACQP'I'CP = ﬂcapvatt‘

An analogous model is used for attractive interactions with
the wall below the capsules. Specifically, we consider a square
lattice of nodes on the wall, with spacing dx = 0.5Ax. Some of
these nodes are removed to model regions with no capsule—
wall attraction, as described for the respective simulations. The
parameters defining the capsule—wall attraction F**" are the
same as in eq 4 but are denoted with a superscript “wall-att”
instead of “cap-att.”

A repulsive interaction is present at all points on the wall to
prevent capsules from penetrating the boundary. The repulsive
force on a node with a vertical position y is given by

deall—rep
e
Vwall -rep (y ) — Awall- rep

[1 _ exp{_lwall—rep(y _ yewall—rep)}]l

Fwall— rep __

©)
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with parameter values y*"*® = g = 1.5Ax, 2" = SAx7,
and AP = 0.02.

In certain simulations, we add a constant gravitational force
B = —( jg“v/l\F‘Ode)ey on each capsule node to model the
sedimentation of the capsule. The total gravitational force
acting on the capsule £ is proportional to the density excess
relative to the surrounding fluid.

At low Reynolds numbers, inertia may be neglected, so we
consider the sum of all forces discussed above to be balanced by
the hydrodynamic (drag) force " on each capsule node

thd + ZFelast + ZFcap—att + TE@PTeP 4 ZFwall—att
+ Fwall—rep + B8

where the X symbols denote summations over the relevant
contributions. Following the procedures of the IB method, an
opposite hydrodynamic force —F™ is transmitted to the fluid
lattice points near the IB node; the lattice force distribution f*
arises from the contributions of all capsule nodes.

The diffusioosmotic force f°° acts on the fluid in the first
layer of lattice nodes adjacent to the lower wall of the domain.
On the basis of the effective diffusioosmotic slip velocity, eq 2,
we define the diffusioosmotic force on the fluid by

S
e )

where V| C = (9,C, 0, 0,C)". Here, we set a = 0.01, resulting in
a maximum flow speed u™ =~ 0.004 in the lattice Boltzmann
units (Ax/At). We set the time step size At = 0.1 ms to match
the magnitude of simulated flow fields to diffusioosmotic flow
speeds observed in experiments.'® Note that the lattice
Boltzmann algorithm interrelates the kinematic viscosity of
the fluid v with the spatial and temporal step sizes. With our
values of Ax and At, the simulated fluid viscosity is lower than
that of water. The kinematics of the fluid and capsules are
unaffected by this discrepancy, however, because the Reynolds
number Re = 2R“Py™/v < 1 is small and in the low Reynolds
number limit (Stokes flow), velocities simply scale linearly with
forces.

A remark is warranted about the approach described above
for modeling interactions between pairs of capsules and
between a capsule and a wall. The total interaction is computed
as a sum of contributions between pairs of nodes on nearby
objects. This treatment is similar to the methods used in other
numerical studies.** ¢ As the mesh becomes finer, so that the
distance between the nodes of the same object decreases, the
total interaction energy between the two objects approximates a
double integral of an energy density that depends on the
distance between the points on either object. This model for
calculating interaction energies is known as the Hamaker
summation method.”’

Because of the discrete representation with nodes, however,
the surfaces are effectively rough; a node of one capsule tends
to be attracted to the “valleys” between the nodes of the wall or
of an adjacent capsule. Hence, an attraction between the pairs
of nodes causes some resistance to slip between the two
surfaces, whereas computing the attraction based on the
distance between centers of spherical capsules, for example,
would allow the capsules to rotate freely relative to one
another. Substantial tangential forces between particles have
been measured experimentally in colloidal aggregates;*®
considering interactions between nodes is an effective approach
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for modeling such tangential forces. The distance between
nodes would be related to the “patchiness”, or heterogeneity, of
surface modifications responsible for interactions between the
particles.”

We performed simulations to test whether the results of our
model depend critically on our implementation of the close-
range interactions. When interactions were computed based on
the centers of the capsules and the perpendicular distance from
walls instead of evaluating interactions between nodes, the
capsules were still able to assemble into tower-like structures
(see Video SV1). Thus, the assembly behavior observed in our
simulations is robust to the treatment of attractive capsule—
capsule and capsule—wall interactions. With the center-to-
center model, however, capsules tend to rotate because of the
fluid flow even when their positions within a cluster are stable.

2.2. Simulation of Chemical Concentration Fields. The
chemical concentration field C in eq 7 is computed using the

forward-time central-space finite difference method®*”™ to
solve the diffusion equation
oC 2
— =DV C+
’ ®

where D is the diffusion coefficient and ¢ is a spatially
dependent source term. The same computational lattice is used
as for the fluid flow. We do not consider the effects of advective
transport in the evolution of the concentration field. This is
justified in our model because we expect the Péclet number Pe
= 2R*U/D < 1 to be low for flow speeds of the order of U ~
10 um/s and typical diffusion coefficients for small ions D = 1
X 107 m?/s.'® We also assume that the chemical concentration
field is unperturbed by the capsules. Hence, the concentration
evolution is independent of the fluid flow and motion of the
capsules.

We consider a simple reaction system whereby the chemical
is produced at a constant rate per unit volume ¢, within a thin,
disc-shaped region (see Figure 1B), which represents a patch of
a catalyst or an enzyme (radius R = 20Ax, height h™* = Ax)
immobilized on the bottom surface. We assume that this
catalyst produces the chemical components that cause
diffusioosmosis. Periodic conditions are used for the horizontal
boundaries, the no-flux condition dC/dy = 0 is imposed on the
bottom wall (y = 0), and a constant concentration C = C,, equal
to the uniform initial concentration, is imposed on the top wall
(y = H). The presence of other chemical species is neglected,
but the effect of background solutes (such as pH buffers) on
diffusioosmosis could be considered by raising the background
concentration C,.

Physically, the constant concentration boundary condition
on the top wall implies that the chemical produced at the patch
is removed from the system. We performed additional
simulations replacing this condition with a no-flux boundary,
which is experimentally simpler to achieve. The results were
qualitatively the same except that the average concentration
gradually increased as the chemical accumulated. This led to a
gradual decay in the flow field because the diffusioosmotic flow
is inversely proportional to the electrolyte concentration. In the
model presented here, we assume that the time scale of this
decay is sufficiently long (equivalently, the rate of chemical
production is sufficiently low) that we can neglect this process.
We therefore consider the constant concentration boundary
condition on the top wall.

With the prescribed domain boundary conditions, the rate of
chemical production at the patch is eventually balanced by the

2893

flux out of the domain and a steady concentration field is
reached on the time scale THf°" ~ H?/D ~ 6 s. Because this
time is shorter than typical times for the assembly of the
capsule structures (T**™Y ~ 50 s), we compute the
equilibrium concentration field (decoupled from the fluid
flow) once and use the result as a constant input to all
simulations of fluid and capsule motion. We performed tests
with the concentration field evolving simultaneously with the
flow field and thereby confirmed that the initial transient
evolution of the concentration field does not qualitatively affect
the outcomes, that is, the assembly of towers.

2.3. Cluster Analysis for Quantifying the Tower
Assembly. We characterize the outcomes of the simulations
by analyzing the positions of the capsules at regular time
intervals during the assembly process. The instantaneous
configuration of capsules is analyzed as follows:

1. Capsules are classified as either “surface” or “bulk”.
Surface capsules are those with centers at a height less
than RM*h = (R® + 0.1Ax) away from the bottom
surface of the chamber. These capsules are considered to
be in contact with the surface.

. Bulk capsules are sorted into clusters by connectivity.
Two capsules are considered to be directly connected if
the distance between their centers is less than [™*h
(2R*® + 0.1Ax). All capsules that are connected to each
other either directly or through a series of direct
connections are clustered together.

. The largest cluster of bulk capsules that is connected to
at least one surface capsule is identified. This cluster
would be the tower, if one is present.

. The cluster size N© is defined as the number of capsules
in the selected cluster, and the height of the cluster HCis
defined as the greatest y-position of capsules in the
cluster. If there is no bulk cluster connected to a surface
capsule, then N© = 0 and H® is undefined.

. The number of remaining capsules N*™"" js computed
as the total number of capsules either in contact with the
bottom surface or in a cluster that is connected to the
surface.

The outcome of a given simulation is classified as one of
three categories as follows:

1. “Detached” if, at any time, Nremaining £1)s below half of the
total number of capsules, N“F. We use N = 60 capsules
in the analyzed simulations.

. “Tower” if the clusters stabilize in shape and N¢ > 10.

. “Flat” if the clusters stabilize in shape and N¢ < 10.
Because capsules are not detached, this condition
indicates that most of the capsules are in a monolayer
on the surface of the chamber.

Simulations were run for 10° time steps, corresponding to
100 s of simulated time. Some were terminated early when it
was determined that most of the capsules had detached. In
cases where the shape of the tower was still evolving,
simulations were continued beyond 10° time steps until the
configuration of clusters became stable.

3. RESULTS

3.1. Diffusioosmotic Pumping. To generate a fluid flow
that will aggregate microcapsules in a microfluidic chamber, we
exploit the diffusioosmotic effect. We consider a thin, disc-
shaped patch on the bottom of the chamber that acts as a
chemical source (see Figure 1B). Several experimental setups
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could be represented with this model; the source could be a
thin piece of dissolving material,'® a gel or resin that slowly
releases a stored chemical species,”’ =" or a patch of an
immobilized enzyme or a catalyst that locally drives a chemical
reaction.'”'**"** The concentration field and resulting flow
field driven by diffusioosmosis on the bottom surface of the
chamber are illustrated in Figure 2. Close to the bottom surface,

C/Co

A

75

y /um

y /Hm

Figure 2. Concentration and fluid flow fields generated by the catalytic
patch. (A) Concentration field in the vertical cross-section through the
patch is represented by a heat map. The arrows indicate the direction
and relative magnitude of the flow field. The catalytic patch is
represented by a thin, yellow region, and the walls of the domain are
depicted as light gray strips. The dark gray region on the bottom wall
represents the portion of the surface that is nonattractive to the
capsules. (B) Close-up of the catalytic patch with a heat map of the
fluid flow speed in the vertical cross-section through the patch. The
assembly of a tower, described in section 3.2, is depicted schematically.
Capsules, represented by circular rings, move along the bottom wall
but remain attached to the attractive, light gray regions. When the
capsules are pushed onto the nonattractive, dark gray patch, they
detach from the wall and rise.

the fluid flows toward the chemical source. Because the fluid is
incompressible, there is an upward flow above the patch and
the fluid circulates in a toroidal roll. This is the general form of
the flow structure, provided the chamber is sufficiently large
compared with the patch. Quantitatively, the flow field is
affected by the diffusioosmotic constant y in eq 2 and the
background electrolyte concentration relative to the contribu-
tion from the chemical source.

To understand the role of the background concentration, let
CP*" denote the concentration field due to the production at
the patch and C; denote the background concentration such
that the total electrolyte concentration is C = C, + CP*,
Because diffusion is a linear process, CPateh i proportional to the
rate of production at the patch. Thus, we write CP*% =
C*CP* where C* is the maximum value of CP*" jn the

domain (proportional to the rate of chemical production at the
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patch) and CP*® is the rate-independent, rescaled field. The
diffusioosmotic flow speed along the bottom surface, given in
eq 2, is proportional to (V| C)/C = (V C®)/(Cy + CP*) =
(V”Cpatch)/(co/c* + Cpatch).

From the above expression, we deduce that the flow field
depends on the ratio Cy/C* but not the absolute concentration
scale C*. The patch is not required to produce a high absolute
concentration of the electrolyte; low concentrations can
generate diffusioosmotic flows as long as the background
concentration is also low. Recent experiments™ indeed
demonstrated diffusioosmotic fluid pumping with estimated
concentrations of the order of micromolar. Conversely, we
remark that arbitrarily high flow speeds cannot be generated by
simply increasing the rate of chemical production. Once C* is
much greater than the background electrolyte concentration,
further increases in C* will have a small effect on the flow
speed. In our simulations, we set the constant chemical source
term at the patch ¢y = 0.1C,/At, which resulted in the ratio C,/
C* =~ 0.02.

Because the fluid flow is one of the critical aspects controlling
the assembly of clusters of capsules in our system, we
emphasize that our simulated flow fields are consistent with
the experimental observations of diffusioosmotic flows
generated by chemical concentration gradients. Several experi-
ments have reported the speeds and qualitative motion of tracer
particles near diffusioosmotic pumps.'®™*° For example, Niu et
al.”® demonstrated that particles of an ion exchange resin
generate diffusioosmotic flows in deionized water. The resin
particles were 10—50 ym in radius, similar to the size of the
catalytic patches we consider in our model system (R™ = 20
um in radius). Flow speeds close to the wall were inferred from
the motion of polystyrene tracer particles 1.7—15.5 um in
diameter, comparable to the capsules in our model, 2R“? = 10
pm.

The tracer particles were observed to move radially toward
the resin pumps with speeds varying approximately as 1/+%
where r is the distance between the tracer and the center of the
pump and 1 < a < 2. We verified that our simulations
reproduced this scaling behavior (up to distances approaching
75% of L/2, the midpoint between a pump and its periodic
image in our computational model). In simulations, the
exponent 1 < a < 2 depended on the background electrolyte
concentration C,. In particular, @ & 1 when C; is insignificant
compared with the concentration due to the reaction and a = 2
when the chemical concentration from the reaction is
insignificant compared with the background electrolyte
concentration.

3.2. Formation of Towers of Microcapsules. Recall that
our goal is to drive synthetic microcapsules to mimic salient
features of the concerted self-organization observed in
biological systems, that is, the 3D structure formation
performed by unicellular slime molds. Hence, we aim to
determine regions in phase space where the capsules can be
directed to a central region on a surface and assembled into
vertical structures that emerge out of the plane. Our objective
of assembling microcapsules into 3D, tower-like structures was
achieved by balancing diffusioosmotic flows and attractive
capsule—wall and capsule—capsule interactions. We initialize
N®P = 60 capsules to be randomly distributed on the bottom (y
= 0) wall of the chamber, ensuring that the capsules do not
overlap with one another. Using the steady chemical
concentration field computed, as described in section 2.2, we
impose diffusioosmotic flow on the bottom wall. This drives the
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Figure 3. Assembly outcomes as the wall attraction strength is varied. Plots in the left-hand column show the time evolution of the wall-attached
cluster size N© (solid curves) and height H® (dashed curves) defined in section 2.3. The final configurations of the capsules in the respective
simulations are illustrated in the right-hand column. (A) A*** = 0.12A,,. The capsules form a large cluster that detaches from the wall. (B) A* =
0.16A,. The capsules form a tall tower that remains attached to the wall. (C) A" = 0.324,. A flat structure forms, with most of the capsules

remaining in direct contact with the wall.

motion of the fluid throughout the chamber, and the capsules
are advected with the flow toward the catalytic patch.

In the absence of gravity and attractive interactions between
the capsules and the surface, the capsules would be lifted up by
the fluid flow as they approach the patch. To prevent the
capsules from detaching, we introduce the wall—capsule
attraction described in section 2.1. The capsules must lift off
from the surface once they reach the center of the patch,
however, or a tower would not be formed. Hence, we designate
a circular region of radius R™ = 10Ax with no capsule—wall
attraction, located in the center of the catalytic patch. The
diffusioosmotic fluid flow drives the capsules toward the center
of the patch, but the capsules encounter an energy barrier at the
interface between the attractive and nonattractive regions of the
surface. As a result, the capsules tend to aggregate around the
perimeter of the nonattractive patch. To build a tower, we
require the capsules to remain attached to the surface until
more capsules arrive at the patch. The new capsules should join
at the base of the existing structure and push the tower up while
keeping the tower anchored to the surface. This process is
shown schematically in Figure 2B.

We deliberately chose the radius of the nonattractive patch to
be smaller than that of the catalytic patch, Riff = R=t — 2R<®,
Because the horizontal fluid flow speed is greatest at the
perimeter of the catalytic patch (see Figure 2B), incoming
capsules are able to push the anchoring capsules onto the
nonattractive patch, thereby detaching them from the surface.

For towers to form correctly, the strength of the capsule—
wall attraction must be carefully controlled. In our simulations,
we varied the depth of the Morse potential describing capsule—
surface attractions (see section 2.1) from A™*/A; = 0.12 to
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A™IRt/A0 = 032 in increments of 0.04. The strength of
attractive capsule—capsule interactions was fixed at A“P™" = A,
Three representative simulations are shown in Figure 3. For the
low value A" = 0.12A,, the capsules aggregated at the patch
and formed a large cluster that eventually detached from the
bottom and rose to the top of the chamber (Figure 34, Video
SV2). A tall tower formed at the intermediate value AV¥t =
0.164, (Figure 3B, Video SV3), whereas a small mound
surrounded by a flat, monolayer cluster formed when A"
was large (Figure 3C, Video SV4).

Because the outcome of a simulation with any given
parameters could depend on the random initial positions of
the capsules, we performed three independent runs with
different initial capsule placements for each wall attraction
strength. The mean cluster heights (H®) were computed, and
the overall behavior was determined by the outcome in the
majority of runs for each value of A, These results are
plotted in Figure 4. In all three runs with the weakest wall
attraction, the capsules detached, so (H®) was undefined. Apart
from this, the mean cluster height decreased as the capsule—
wall attraction strength increased. Only in the case A" =
0.16A, did towers form robustly. For higher values of A",
the capsules formed flat clusters, as defined in section 2.3.

3.3. Effects of Sedimentation. In section 3.2, we
neglected gravitational forces on the capsules. This assumption
is appropriate if the density of the capsule is close to that of the
surrounding fluid. If necessary, density matching can be
achieved by adding glycerol to the solution.””* To assess
whether the formation of towers is robust to sedimentation
effects, we introduced a gravitational force on the capsules.
Other parameters were maintained as in the successful tower-
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Figure 4. Dependence of the assembled cluster height on the wall
attraction strength. The mean heights (H®) are computed from three
independent runs. Error bars represent one standard deviation above
and below the mean. The circular marker at A™ = 0,164, indicates
that the towers were robustly assembled in these simulations. With
A" = 0,124, the capsules detached, and for A > 0.24,, flat
structures formed.

forming case in section 3.2, with A" = 0.16A,. As shown in
Figure S, towers still emerged, but the height of the towers

10 15 20
fgrav / fgrav

0 5

Figure S. Dependence of mean tower height on the capsule
sedimentation force . Error bars indicate one standard deviation,
calculated from three runs. Towers formed in all cases, following the
classification scheme in section 2.3. In these simulations, the capsule—
wall attraction strength was A" = 0.16A,. The data point at =
corresponds to the marked point in Figure 4.

decreased as the gravitational force was increased. The average
cluster height was 52 ym without gravity and 19 ym with the
gravitational force magnitude £ = 20f§™". The reference value
f§* is defined such that the sedimentation speed of the capsule,
according to Stokes’ drag law, is
grav. __

fogl‘av

67uR™®

_ 288

5 (R™)* = 0.64 ym s~

©)

where Ap is the difference in density between the capsules and
the surrounding fluid and g is the gravitational acceleration
constant. This reference value corresponds to a capsule of
density p® = 1.01 g cm™> sedimenting in a dilute, aqueous
medium. For comparison, polystyrene microparticles have a
density of p* = 1.05 g cm™.* Hence, polystyrene micro-
particles would experience a sedimentation force £V ~ 5§,
for which our results suggest that tower formation could be
possible.

3.4. Effects of Capsule—Capsule Attraction Strength.
The formation of cohesive tower-like structures in the previous
sections demonstrates that the intercapsule attraction strength
AP = A was sufficient to prevent capsules from separating.
We now systematically decrease A“P™ and analyze the
outcomes of simulations as before. In Figure 6, we present a
phase map showing the behavior of the capsules at different
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Figure 6. Phase map of assembly outcomes as capsule—wall and
capsule—capsule attractions are varied. Stable towers formed in at least
two out of three simulation runs for the parameter combinations
enclosed by the thick, red line. Below this region, the capsules
detached from the wall (and (H®) generally could not be defined),
whereas above this region, the capsules were firmly attached to the wall
and the resulting structure was flat rather than tower-like.

combinations of A" and A“P*, As AP decreases from
the baseline value A“?™"* = A, the capsules become less rigidly
attached to the cluster. It is observed that the capsules rearrange
more readily within the cluster without detaching. The
diffusioosmotic flow above the catalytic patch tends to lift the
capsules up, stretching the cluster into a taller structure (see
Video SVS). This effect results in towers forming at much
higher values of A**** that previously gave only flat structures.
When A“P?" js decreased further, the attraction between the
capsules becomes too weak and the capsules are pulled apart by
the diffusioosmotic flow. Hence, the capsules detach from the
cluster once they are pushed onto the nonattractive central
patch on the wall (see Video SV6).

Towers formed robustly in 8 of 30 tested parameter
combinations, indicating that there is some flexibility in the
choice of parameters that will achieve this outcome. We note,
however, that the region of phase space in which towers formed
is relatively thin. Small deviations in A" and A“P** in
particular phase space directions could result in the detachment
of the capsules or formation of flat clusters.

3.5. Surface Attraction Patterning to Control Mor-
phology. As discussed in section 3.2, the motion of the
capsules along the surface can be altered by patterning the
surface with attractive and nonattractive regions. It is
energetically more favorable for the capsules to remain over
attractive regions. We exploited this behavior to organize the
aggregating capsules into spiral queues. As shown in Figure 7A,
we used a nonattractive pattern consisting of four spirals in a
slightly larger domain, L = 200 ym, H = 100 gm. The capsules
moved toward the center of the pattern, under the action of the
diffusioosmotic flow, until one of the nonattractive spiral arms
was encountered. The capsules then moved along the edge of
the spiral arm to the cusp at the intersection with the
neighboring nonattractive spiral arm. The purpose of these
spiral arms is to funnel the capsules into discrete, well-defined
streams. With this pattern, the capsules tended to arrive at the
cusps in a single file. The energy barrier associated with leaving
the attractive region of the surface held the capsules at the
cusps until they were pushed off by the incoming capsules
(Video SV7).
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Figure 7. Assembly on spiraling nonattractive wall patterns. Light gray portions of the wall are attractive to capsules, whereas red portions are
nonattractive. The black arrows indicate the direction and relative speed of the fluid flow close to the wall. Top-down views of the pattern are shown
on the left-hand side. The formation of queues of capsules (small rings) along the spiral arms is illustrated schematically. The large, circular ring
marks the perimeter of the catalytic patch. (A,B) correspond to simulations with different nonattractive patterns. Apart from the number of spiral
arms, the two patterns differ in the distance between the capsules in adjacent queues. In (A), this distance is smaller and allows capsules in all queues
to join together. In (B), the capsules are kept further away from adjacent queues. The right-hand side shows the final configuration of clusters
assembled on these patterns. A single tower forms in (A), whereas the capsules are arranged into five separate strands in (B). The evolution of these

structures is presented in Video SV6 and SV7.

In Figure 7A, the pattern was designed so that neighboring
cusps were approximately one capsule diameter apart. This
proximity allowed capsules from the adjacent streams to come
into contact and stick together as they detached from the wall,
resulting in towers. The cusps in the surface pattern serve as
anchor points for the tower; the cluster remains attached to the
surface through the capsules that occupy the cusps.

A modified pattern was used for the simulation shown in
Figure 7B, leading to a very different assembled structure. The
distinguishing feature of the pattern in this scenario is that the
cusps of the attractive regions were further apart than in the
pattern from Figure 7A. The capsules traveled along the spiral
arms and detached from the wall at the cusps as before. With a
greater spacing between the cusps, however, the capsules
remained separated from the capsules in adjacent streams.
Instead of merging together to form a tower, the capsules
assembled into independent filaments. These filaments spread
apart from each other because the fluid flow diverges from the
vertical axis (see Figure 2, Video SV8).

4. CONCLUSIONS

We described a novel method for directing the assembly of
spherical microcapsules into 3D, tower-like structures and
filaments. The aggregation of the microcapsules, which are
initially dispersed over a surface, is driven by a diffusioosmotic
flow along the surface toward a catalytic patch. Patterned
functionalization of the surface is used to control where the
capsules are arrested and to anchor the 3D structure to the
surface. We demonstrated that the strength of capsule—wall
attractions can be tuned so that the capsules remain attached to
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these designated sites until other capsules arrived to take their
place. Thus, the structures grow upward as new capsules are
inserted between the surface and the existing structure.

Unexpectedly, we observed that the strength of capsule—
capsule attractions also influenced the detachment of capsules
from the wall; for higher values of A“"™, clusters remained
attached to the wall at lower values of A", Hence, A"
and AP must be tuned simultaneously to ensure that the
capsules remain cohesive and connected to the wall while
allowing the fluid flow to pull the cluster into a tall, out-of-plane
structure.

In our simulations, we adopted periodic boundary conditions
for the chemical concentrations and fluid flow on the lateral
domain boundaries. This setup approximates a physical system
with a large, square lattice of catalytic patches on the bottom
surface. Diffusioosmosis drives the fluid flow, and the capsules,
toward the nearest patch. A tower, or a set of filaments, would
form at each patch. Thus, many clusters can be assembled
simultaneously in one chamber.

Notably, we utilized spherical particles with no intrinsic
anisotropy; this contrasts with previously reported systems that
used asymmetry in shape and surface functionalization to
assemble anisotropic structures.**”** Apart from being simpler
to manufacture, one advantage of using isotropic particles is
that the structures they form are not dictated by the fixed
design of the particle. The same particles could be assembled
into different morphologies, potentially concurrently at differ-
ent locations on the surface.

Finally, we remark that the stability of the assembled
structures depends on the interactions between the capsules. If
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the fluid flow were to change or cease after the assembly of a
tower, the capsules could detach or rearrange to form a new
shape. A sequence of flow fields, driven by different catalytic
patches, could be used to manipulate the structures and form
more complex morphologies. Capsules could be dispersed by
weakening the interparticle attraction through changes in
temperature, for instance.”” Conversely, strengthening the
attraction between the capsules would stabilize the structures.
Capsules can be locked in place once the final configuration is
achieved, as in the fabrication of colloidosomes.*® Our method
of flow-directed assembly, combined with dynamically tunable
interparticle interactions, could form the basis for constructing
a variety of reconfigurable structures from simple subunits.
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The following files are available free of charge. In all
videos, fluid flows are visualized in the z = 0 plane on the
left (side view) and in the y = 0.5 ym plane on the right
(top-down view). Blue color indicates the regions of high
flow speed. The red background pattern in the top-down
view is the nonattractive portion of the surface.
Formation of a tower using attractive and repulsive
interactions based on positions of capsule centers instead
of surface nodes; aggregation and detachment of
capsules; formation of the tower; formation of the
“flat” structure; formation of a tower with a lower capsule
attraction; aggregation and detachment of capsules with a
lower capsule attraction; formation of a tower on a spiral
nonattractive pattern; and formation of a multiple
filaments on a spiral nonattractive pattern (ZIP)
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